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3. ABSTRACT 
 
SEISMIC BEHAVIOR OF CONCRETE FRAMES WITH JACKETED COLUMNS 
 
FEBRUARY 2017 
 
JOSE CARLOS ALVAREZ, B.S., UNIVERSITY OF PUERTO RICO MAYAGUEZ CAMPUS 
 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Sergio F. Brena 
 
 
Research on jacketed reinforced concrete (RC) columns is well established and 
growing. The existing studies describe the ability of jackets to rehabilitate RC columns 
for seismic demands. The system in the studies has proven to upgrade both strength and 
ductility of their unretrofitted counterparts, concentrated on repairs of deficiencies, 
currently in columns designed with old code provisions. These deficiencies include: low 
shear strength, insufficient core confinement, and short lap-splices, in particular within 
the plastic hinge zone. Columns with these deficiencies usually have brittle failures and 
cannot develop displacement ductility (ߤ୼) greater than 2. Research results on columns 
retrofitted with jackets have reached displacement ductility of 4 or greater levels with 
most jackets designs. 
The jacket materials used in this research are steel and fiber reinforced polymer 
(FRP). These two materials are widely used and accepted as retrofit for columns with 
deficient detailing. Steel tensile material properties, malleability and a high number of 
contractor who can work with this material make it a practical material to retrofit 
columns. FRP elastic unidirectional stress strain curve with both high moduli and low 
weight provides low constructability cost and high strength. These materials are 
viii 
 
externally applied in order to prevent the loss of concrete cover and allow the concrete to 
develop higher stresses and strains.  
Jacketed RC columns have a composite behavior which can be complicated to 
model in a finite element analysis (FEA) program accurately. Past studies have developed 
different numerical and physical models that attempt to capture the confining effects and 
shear strength of jacketed columns. To the best of our knowledge, no singular model has 
described all behavior of retrofitted columns with different jacket materials. The first goal 
of this study is to create a set of recommendations to model accurately jacketed RC 
columns with different detailing and jacketing materials. These recommendations provide 
easy access to jacketed columns strength and ductility to make design decisions. To 
quantify the strength and ductility, a force-deformation curve was developed. A force-
deformation curve (backbone) is an accepted method to describe a column behavior. 
Therefore this study introduces models that describe all jacketed column behavior and 
create a set of rules to construct a curve of the expected behavior of jacketed columns. It 
was found that for jacketed columns, the potential for shear failure was eliminated and 
the expected failure mode is flexure. With this assumption, the lateral capacity was 
obtained accurately by calculating the flexural capacity of the RC column. Deformations, 
on the other hand, were estimated based on a statistical model using results from 
published papers.  
Jacketed columns have an improved behavior in both lateral strength and 
displacement ductility. These effects can change the behavior of a frame. Analyses of 
frames in as-built and retrofitted conditions were conducted in order to quantify the 
change in behavior of the frames caused by column jacketing. These frames were 
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modeled using a lumped plasticity method. The properties of the frames were calibrated 
using laboratory test results of columns and published methods. This study shows the 
change in probability of collapse and in the collapse location for frames in as-built and 
jacketed condition.  
Overall the objective of the dissertation is to provide easy-to-implement 
guidelines to obtain the jacketed RC columns strength and ductility; and show the effects 
of the increased strength and ductility on frames behavior.  
 
. 
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CHAPTER 1 
 INTRODUCTION 
Research on jacketed reinforced concrete (RC) columns is well established and 
growing. The existing studies describe the ability of jackets to rehabilitate RC columns 
for seismic demands. The system in the studies has proven to increase both strength and 
ductility of their unretrofitted counterparts, concentrated on repairs of deficiencies, 
currently in columns designed with pre-1971 codes provisions. These deficiencies 
include low shear strength, insufficient core confinement, and short lap-splices, in 
particular within the plastic hinge zone. Columns with these deficiencies usually have 
brittle failures and cannot develop displacement ductility (μΔ) greater than 2. To consider 
a column to be ductile, the displacement ductility should be equal or greater than 4 (μΔ ≥ 
4). Research results on columns rehabilitated with jackets have reached displacement 
ductility of 4 or greater levels with most jackets designs. 
The jacket materials used in this research are steel and fiber reinforced polymer 
(FRP). These two materials are widely used and accepted as retrofit for columns with 
deficient detailing. Steel tensile material properties, malleability and high number of 
contractors with the ability to apply this material makes it a practical material to retrofit 
columns. FRP elastic unidirectional stress strain curve with both high moduli and low 
weight provides low constructability cost and high strength. These materials are applied 
externally to prevent the loss of concrete cover and the expansion of cracks through the 
column length.  
Modeling jacketed RC columns requires understanding of the interaction between 
the different components that make it. Well detailed RC columns are considered to 
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develop the full strength of longitudinal bars and the core encased by the transverse 
reinforcement which develops higher compressive stress and strain than the clear cover 
surrounding the transverse reinforcement; with these assumptions all columns were 
modeled. On the other hand, columns that need jacketing usually have a deficient 
detailing that does not allow the RC column to develop the stresses that are usually 
assumed in well detailed RC columns. The developed stresses are reduced by the 
presence of a short lap-splices, widely spaced hoops, and low confinement at columns 
sections with high flexural demand. The reductions can change the column behavior from 
a ductile to a brittle behavior. These poorly detailed columns are then jacketed to improve 
the column behavior. As the jackets are applied externally, their contribution is passive 
and dependent on the concrete expansion. With an adequate jacket design, RC columns 
can develop equal or higher stresses than well detailed columns. Up to date there are no 
unified recommendations on how to model all these elements for jacketed columns with 
different jacketing materials as well as different RC detailing.  
Jacketed RC columns have a composite behavior which can be complicated to 
model in a finite element analysis (FEA) program accurately. Past studies have developed 
different numerical and physical models that attempt to capture the confining effects and 
shear strength of jacketed columns. The models follow rules depending on the 
experimental scheme by each study. No singular model has described all behavior of 
retrofitted columns with different jacket materials. The goal of this study is to create a set 
of recommendations to model accurately jacketed RC columns with different detailing 
and jacketing material. These recommendations will provide easy access to jacketed 
columns strength and ductility to make design decisions. To quantify the strength and 
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ductility, a force-deformation curve will be developed. A force-deformation curve 
(backbone) is an accepted method to describe a column behavior; therefore this study will 
introduce models that describe all jacketed column behavior and create a set of rules to 
construct a curve of the expected behavior of jacketed column. These backbones can then 
be used to model frames with jacketed RC columns.  
1.1. Motivation  
Structures are prone to collapse in active seismic areas around the world. Earlier 
concrete design codes did not account for some of critical design criteria to prevent brittle 
failures during a seismic event since some of the older details were used for simplicity 
and do not work well when structural elements are loaded into the inelastic range; 
therefore structures built under these design codes may have inadequate detailing for high 
seismic zones. To build in those seismic zones, engineers have developed requirements 
for all structural elements to ensure the ductile behavior of the structure. These 
requirements have modified over the years as our knowledge on seismic damage has 
increased. Today, design requirements provide, details to ensure the ductile behavior of 
structures during seismic events. 
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Figure 1-1 RC column failure during San Fernando earthquake (1971) (Picture from 
NOAA) 
Structures built using older code provisions may be susceptible to seismic damage 
(Figure 1-2). For these structures, retrofitting schemes have been created in order to 
ensure the ductile behavior of buildings under seismic forces. Different retrofitting 
techniques have been created for different structural elements and in some cases, retrofits 
for the building as a whole. Out of the critical elements in a structure this study will 
concentrate on deficient RC columns by the use of column jacketing only, in particular 
using FRP and steel materials.  
5 
 
 
Figure 1-2 RC column failure in California due to lack of transverse reinforcement 
(Picture from Institute of Engineering Mechanics, China Earthquake Administration) 
Jacketing is a widely accepted method for retrofitting RC columns. The increase 
in bending and shear strength without a significant impact on the column dimensions 
makes them attractive compared with other retrofitting techniques. Literature has verified 
the efficiency of jackets for the RC columns, but a set of non-linear modeling parameters 
or a unified model that includes both retrofitting materials and different cross-section 
geometry, for strength calculation has not been developed. This study focuses on 
describing this behavior and creating recommendations to guide the use and performance 
of retrofitted columns. To create these provisions, the study develops a database of 
jacketed columns and models using the jacket properties based on literature.  
These methods of rehabilitating individual columns with specific details change 
the column behavior. Some of these changes included increased flexural strength, 
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increased stiffness, increased ductility, reduction in degradation through cycles and 
combinations of these changes. These improvements in column behavior will change a 
frame behavior as well. These changes can make the structure fail due to other 
mechanisms. To capture this behavior, the study will follow the modeling 
recommendations for individual columns and apply them to frames which contain typical 
characteristics of deficient structures. The frames columns were then jacketed and tested 
under seismic loading until failure. The frame behavior as-built vs jacketed provided 
insight in possible frame retrofitting decisions and recommendations.  
1.2. Research Objective 
The objective of this dissertation is to assess the behavior of jacketed columns 
under seismic excitation and develop a set of recommendations which allows creating a 
force deformation curve to describe the jacketed column behavior and then implement 
them in the analysis of frames with jacketed columns. The ASCE/SEI 41-06 Seismic 
Rehabilitation of Existing Buildings (Supplement No.1) proposes the use of simplified 
backbones curves. The first part of this study concentrates on creating the backbone 
curves. To predict the dynamic response of the jacketed columns, it necessitates 
knowledge in strength, deterioration, and deformations of the jacketed columns. The 
database of the jacketed columns was created to acquire knowledge on the non-linear 
response of these columns under cyclic loading. This non-linear response was captured 
by key points in the backbone curve which are further explained in Chapter 4. The 
database was used to model jacketed columns and to calculate the key points of the 
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backbone curve Yield, Peak and Residual strength as well as non-linear modeling 
parameters used in the ASCE/SEI 41-06 tables a, b and c.  
The understanding of these retrofits was taken into frame models to observe the 
behavior of the structure after retrofitting. The retrofitted structures include the variability 
of the backbones found on literature. This study showed the behavior of jacketed frames 
the effects on the failure location and the capacity to resist scaled of earthquake records. 
This was presented through a statistical study which shows the probability of collapse of 
the jacketed frames compared to the as-built frames. 
1.2.1. Scope 
This dissertation will concentrate on jacketed columns seismic behavior and use. 
Chapter 2 describes the experimental tests on jacketed columns carried out by different 
researchers (Figure 1-3). The researchers described the different behavior of jacketed 
columns under cyclic loading and different reinforcement details. The details of these 
experimental tests will allow the understanding of the behavior of jacketed columns. 
Chapter 3 describes models created by researchers to calculate jacketed RC column shear 
strength, contribution to flexural enhancement and design the jacket details for a given 
columns reinforcement. It is necessary to understand the different contributing factors of 
both jacket materials to see how they affect the columns behavior, and also the design of 
jackets for deficient RC column was used to study the frame structures and ensure 
columns adequate design. Some of these models were then used on Chapter 5 as part of 
the recommendations. Chapter 4 describes the construction of a database from the 
experimental data found in the literature. The database included columns tested under 
8 
 
specific conditions which showed the jacketed RC column behavior with different 
structural details. This database was used to ensure the accuracy of the modeling 
recommendations on Chapter 5. Chapter 5 describes modeling recommendations to 
calculate the key values of backbone curves that characterize the behavior of a jacketed 
column. This chapter use the existing models presented in Chapter 3. Chapter 6 presents 
the selection and analysis of as-built frames that were then jacketed on Chapter 7. The 
frames contain most of the typical deficient detailing found on structures build prior-
1971. Chapter 6 showed the backbone curves and the failure location which provided a 
base for the retrofit of the frame. These results were obtained after an incremental 
dynamic analysis (IDA). The columns on these frames were then retrofitted starting with 
the columns on the interstories with the highest concentration of failure mechanisms. The 
retrofit was designed following the design procedure shown in Chapter 3. With the 
jacketed RC column design and specification the jacketed column backbones were 
determined following the recommendations of Chapter 5. The design and analysis of the 
frames with jacketed columns is shown on Chapter 7. As the IDA provide curves which 
present the interstory deformation and the spectral acceleration to create a collapse 
mechanism a statistical analysis was conducted to quantify the behavior of frames with 
jacketed columns. This analysis is shown on Chapter 8. The analysis includes the 
comparison of the frames in as-built and jacketed condition probability of collapse as 
well as the probability of reaching different deformation values. The jacketed columns 
have increased lateral strength and displacement ductility. The variability of the 
deformation capacity of jacketed columns was shown in Chapter 5 which is used in 
Chapter 9 in order to study the variability of jacketed column deformations on frames. 
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Chapter 9 shows how frames behavior changes depending on the deformation capacity of 
jacketed columns on a single story. Chapter 10 closes the dissertation with the 
conclusions and possibilities for further study.  
 
Figure 1-3 RC column collapse due to combined shear and axial failures (Lynn, Moehle, 
Mahin, and Holmes, 1996) 
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CHAPTER 2 
 LITERATURE REVIEW 
 Many researchers have conducted experiments and have quantified the improved 
behavior of jacketed reinforced concrete (RC) columns. The jacketed columns presented 
in this research project have all been tested under quasi-static loads and constant axial 
load. These columns replicate existing column cross-sections and conditions, whose 
cross-sections geometry are either circular or rectangular. The columns represent either 
bridge or building columns which are loaded in either single or double curvature 
configuration. Thus, this section discusses the findings of experimental test which target 
different known deficiencies in older column designs. The literature review for proposal 
is divided into two main sections: tests of steel jacketed RC columns; and tests of fiber-
reinforced polymer (FRP) jacketed RC columns. 
2.1. Columns Retrofitted using Steel Jackets 
Chai et al. (1991) studied the effect of steel jackets on insufficiently confined 
reinforced concrete (RC) circular bridge columns. The aim of the research was to create 
guides for design of steel jacket retrofitting to enhance flexural strength and ductility of 
existing circular bridge columns. The methods were being used to retrofit bridges in 
California based on Chai et al.(1991) findings. This paper proposes models to compute 
the confining pressure and shear strength provided by the steel jackets, and the 
subsequent increase in the confined concrete strength.  They also conducted an 
experimental study that included 6 RC columns of which 2 were reference columns and 4 
were retrofitted using steel jacketing. The columns contained short lap-splices at the base, 
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widely spaced transverse reinforcement throughout the length of the column and some 
had weak footings. They found that pre-1971 circular bridge columns with lapped starter 
bars in the plastic hinge region, are not able to developed the stresses in the longitudinal 
bars due to bond failure; subsequently not develop their nominal flexural strength. The 
footing design of pre-1971 structures may be susceptible to shear failure at the column 
base, and requires attention in current designs and retrofits. Retrofits of columns with 
steel jackets can increase the confinement in the plastic hinge region and develop a stable 
hysteretic response at displacement ductilities of 7. On these tests no bond failure was 
observed after jacketing. It was also noted that the steel jacketing increased the columns 
initial stiffness by 10 to 15 percent. The final conclusions indicate that retrofitting a 
circular column with steel jackets in the plastic hinge region can enhance the flexural 
ductility and strength but weak footings can be affected after strengthening the original 
column.  
Priestley et al. (1994a, 1994b), address a different way to retrofit RC columns 
which suggest better confinement following circular steel jackets for circular columns 
and elliptical steel jackets for rectangular columns. The aim of these two part paper is to 
retrofit RC circular or rectangular columns prone to brittle shear failure by using steel 
jackets while also quantifying the increment in shear strength and confined concrete 
strength due to the steel jacket. The Priestly et al. (1994a) concentrates on the models to 
quantify the increment in shear strength and the confining pressure, which is further 
discussed in Chapter 3, provided for the jacketed sections while the Priestly et al. (1994b) 
describes the experimental tests. Retrofitting rectangular columns with an elliptical 
jacket, provides a homogenous confinement. For circular columns, the jackets prove to be 
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satisfactory. The reference columns are shear critical and the retrofit is designed to 
address this issue. The experimental tests have a total of 14 columns of which 8 have 
circular cross section and 6 have rectangular cross section. Each retrofitted column has a 
companion reference column (of the circular 3 are retrofitted and 3 reference columns). 
The tests were carried out using a double curvature (fix-fix) pattern to have a larger shear 
to moment ratio and different levels of axial load. All columns had a significant increase 
in both strength and ductility after retrofit; in addition the column hysteretic behavior was 
improved by decreasing the amount of pinching encountered in the original RC columns. 
The paper proposed a series of equations o calculate the shear strength of RC column 
which were proven to be considerably less conservative than the currently used in the 
ACI design for low levels of ductility. These models will be discussed further in Chapter 
3.  All reference columns had limited ductility and brittle shear failures which in some 
cases lead to loss of axial capacity. The shear strength of the reference columns was twice 
he calculated using the current ACI design equations. The jacketed columns reached 
higher than expected flexural capacity. In conclusion, elliptical jackets provide 
homogenous confinement that can greatly improve the columns strength and ductility, 
furthermore circular steel jackets for circular columns and elliptical steel jackets for 
rectangular column were proven to be effective in enhancing shear strength and flexural 
ductility in shear deficient RC columns. 
Aboutaha et al. (1996, 1999 and 1999) report a progressive research effort in three 
papers. The research team used steel jackets to retrofit rectangular columns with different 
deficiencies. This research addresses columns with short lap-splice and low shear 
strength. They studied a total of 22 columns of which 16 included short lap-splices and 6 
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involved insufficient shear strength. Every column is tested in single curvature and 
without axial load. Of the 16 columns with short lap-splices, 5 are reference columns; 7 
are retrofitted using different construction processes (welding or bolting) and 4 are 
damaged to a pre-determined level prior to jacketing. The aim of the study was to prove 
the effectiveness of thin steel jackets to retrofit large scale columns with low shear 
strength or short lap-splices, as well to find the optimal jacket details to avoid brittle 
failures in these type of columns. These jackets are detailed with or without bolts to 
increase the confining effect of the rectangular jacket. For columns with lap-splices they 
conclude that without bolts, performance of the columns increases in strength and 
ductility, reaches its maximum capacity at low deformations levels, and then degrades 
slowly; columns with bolts reach the peak strength at a greater level of deformation. The 
columns with low shear strength have a shorter length and a depth to width ratio of ½. 
These 6 columns are loaded in both the strong and weak axis. Jackets follow different 
construction details. The jacket is welded in place, bolted or applied only at a pre-
determined length. The column with the welded jacket shows the best behavior followed 
by the bolted column and finally the partial jacket. In conclusion, rectangular jackets for 
shear strengthening should be welded for better results, but jackets can still be bolted in 
place to achieve an improved behavior. For both shear critical and columns with lap-
splices have reduced strength after yielded. 
Xia and Wu (2003) introduced a different method of steel jacketing to retrofit RC 
columns with a square or rectangular cross section. The purpose of the jacket is to 
enhance the strength and ductility of rectangular columns with widely spaced hoops. The 
aim of the study is to use thin jackets to rehabilitate columns with low shear strength 
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while also providing extra confining pressure on the plastic hinge zone. They propose the 
use of relatively thin welded steel plates to enhance shear strength and apply an 
additional welded thick plate, steel angles or steel square pipe through the plastic hinge 
region to improve the confinement. They conduct experiments of five columns in double 
curvature bending (fix-fix). Of the five columns, one is a reference column; one has only 
the thin plated steel jacket; while the last three have stiffeners through the plastic hinge 
region. They found that the reference columns have rapid strength peak and degradation 
at low displacement ductility levels. The test proves that the partially stiffened jackets 
improve both strength and ductility reaching drifts of 8%. The column with only the thin 
jacket, designed for only shear strength, through the length of the column did not produce 
the expected ductility. 
2.2. FRP Material Jackets 
Xiao and Ma (1997) discussed the use of prefabricated composite jackets to 
rehabilitate circular columns with poor lap-splice details. They conduct experiments of 4 
columns in single curvature (cantilever) with the same level of axial load. The four 
columns represent 1:2 scale of existing columns. Of the four columns, one is “As-built” 
and three have different amounts of layers and arrangements through the column. The 
aim of the experiments is to validate the effectiveness of prefabricated fiber reinforced 
polymer (FRP) jacketing systems to increase the ductility of bridge piers with short lap-
splices within the plastic hinge region. The retrofitting details employ different lengths 
along the columns as well as different amount of layers to find the optimal design 
approach. The designs include four layers at a length equal to the diameter of the column 
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and three layers at a length equal to 2 times the diameter of the column; next column 
included five layers at a length 2 times the diameter of the column and three layers 3.5 
times the diameter of the column; and the last column included four layers at a length 
equal to 2 times the diameter of the column. It was shown that the use of FRP improved 
significantly the hysteretic response and increased the columns displacement ductility. 
Bond slip in lap-splices can cause gradual degradation of lateral load capacity and could 
be taken into consideration to avoid rupture of the longitudinal bars. The results prove 
that the retrofit using glass composite fibers significantly improves the ductility and 
strength of the column. In addition, they compare the developed analytical models to 
obtain the response of the retrofitted column and conclude that by adding a bond-slip 
model, the behavior of the column can be successfully model at the plastic hinge region.  
Seible and Priestly (1997) developed a guide to design a RC column retrofit using 
FRP composite jackets based on the models presented on Priestley et al. (1996). The 
guide focuses on the retrofitting columns with the main known deficiencies in old design 
models such as: low shear strength, insufficient confinement of the concrete core, and 
short lap-splices within the plastic hinge region. The guide was validated by conducting 
experimental tests on columns with the deficiencies mentioned above. They tested six 
columns which are divided by their deficiency. The columns are tested in “as-built” and 
retrofitted with the proper retrofit determined by the design guide. In addition they 
compared the hysteretic responses with previously tested RC columns retrofitted with 
steel jackets. It was observed that FRP jackets are just as effective as steel jackets in 
improving deficient columns. It was also shown how, for shear and lap-splice jacket 
design, the thickness is inversely proportional to the FRP modulus and that for 
16 
 
confinement even composite materials with lower modulus can be effective as long as 
they exhibit large failure strain capabilities. The effectiveness of the design guidelines is 
validated with the experimental tests for the use of the actual retrofit applications.  
Iacobucci et al. (2003) conducted experimental tests to prove the use of fiber 
reinforced polymers to retrofit damaged square RC columns with insufficient transverse 
reinforcement. They analyzed ten square columns in single curvature bending (cantilever) 
with constant axial load. Of the ten columns tested, three are “as-built” and seven have 
different composite jacket arrangement. The tests use carbon fiber reinforced polymers as 
the jacket material and tested columns with 1, 2 or 3 layers with axial load ratio vary 
between columns of 38% to 65% (calculation of the axial load ratio will be discussed in 
Chapter 3). They also examined columns which were damaged, to a pre-determined level, 
prior to jacketing. In conclusion, retrofitting square RC columns with carbon fiber 
reinforced polymers (CFRP) increased their strength and ductility to the required level. 
Furthermore, an increase in CFRP layers further improved its energy dissipation at higher 
ductility levels. The previously damaged columns can also be retrofitted with CFRP 
jackets. The amount of CFRP layers should be increase as the damage of the RC column 
is increased. Strong footings on columns with CFRP can shift the failure from the 
retrofitted length of the column. Higher axial forces degrade the columns response, which 
increases the demand on the CFRP jacket. Retrofitted columns with CFRP, if properly 
designed, can prove better behavior than well detailed RC columns.  
Haraji and Rteil (2004) conducted experimental tests on rectangular columns with 
short lap-splices. The aim of the study was evaluate the confinement efficiency of FRP 
and fiber reinforced concrete (FRC) to improve the behavior of RC with widely spaced 
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hoops. They used twelve columns which had constant axial load in single curvature 
bending. They used carbon fiber-reinforced polymers and hook steel fibers to retrofit the 
columns. To provide comparisons, they tested columns designed with sufficient amount 
of transverse reinforcement. Of the twelve columns tested, two were “as-built”; two had 
transverse reinforcement designed using ACI 318-99; four were retrofitted with CFRP; 
and four were retrofitted with hooked steel fibers. They found that all columns had 
splitting cracks within the lap-splice zone along with shear and flexural cracks regardless 
of confinement method. Without the confinement provided by the transverse 
reinforcement, the CFRP jacket and the FRC experienced early deterioration of strength 
and significant bond slip. Retrofitting with FRC is not proportional to retrofitting with 
CFRP jackets. CFRP jackets are verified in order to have the better retrofitted column 
response. Retrofitting the lap-splice zone with and CFRP jacket can substantially improve 
the seismic column response.  
Memon and Sheikh (2005) studied different square RC columns with insufficient 
flexural capacity. They tested eight columns with insufficient transverse reinforcement to 
develop a required ductility. The columns were tested in single curvature bending. This 
paper evaluated the use of glass fiber-reinforced polymers to retrofit columns with 
insufficient confining steel, some which were damaged prior to jacketing. Of the eight 
columns tested, one is a reference column; two are repaired after loading to a prescribed 
level; and five are retrofitted with different amount glass fiber reinforced polymer 
(GFRP) thickness and axial load ratio. They found that the jacketed columns showed 
improvement in overall sectional and member behavior. They concluded that the GFRP 
increases the ductility and energy dissipation capacity of the column as improving the 
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shear and bending strength. They also concluded that the GFRP eliminates the adverse 
effects of widely spaced transverse reinforcement in the plastic hinge zone. They also 
demonstrate that the cyclic behavior, such as strength and stiffness degradation, raises the 
numbers of GFRP layers applied to the column. The also noted the significant effect of 
the axial load on the overall performance of columns. This was noted as columns reached 
higher ductilities under lower axial loads. The behavior of the columns previously 
damaged depends on the damage on the column before applying a GFRP jacket. 
Retrofitting columns with widely spaced hoops with and appropriate amount of GFRP 
can make the column behavior superior to their well detailed counterparts.  
Galal et al. (2005) addressed short columns that are susceptible to brittle shear 
failure. They conducted tests on 7 columns under double curvature bending (fix-fix) with 
constant axial load. They studied the effect of both carbon fiber reinforced polymers 
(CFRP) and glass fiber reinforced polymers (GFRP) material jacket with unidirectional 
and bi-directional fibers sheets, different layers through the length depending on the 
demand and the use of anchors to increase confinement. The different materials have 
different modulus as well as thickness and rupture strain; also bi-directional have fibers 
in the longitudinal direction which makes the layers thicker and change the overall 
performance. The anchors were placed perpendicular to the loading direction to increase 
the confinement in the loading direction. The anchors were made of a clamping plate on 
both side of the column hold together by a bolt crossing the column section or FRP 
anchors done by making a hole into the column 75mm deep in both sides and spreading 
the fibers outside the hole. The columns were divided into two groups, one designed 
using the code CSA (1994) which included provisions for minimum transverse 
19 
 
reinforcement and group two was designed using ACI (1968) which did not provide 
sufficient transverse reinforcement. They observed an increase in lateral cyclic 
displacement, higher development of shear strength and energy dissipation on column 
with anchoring. In conclusion, anchoring of the CFRP or GFRP to the column will 
increase the shear strength and ductility of the column; because of the anchors the strain 
was removed from the transverse reinforcement and redirected to the jacket. It was also 
observed in short columns that increasing transverse reinforcement at the column ends 
will not affect the strain on the jacket while at mid height of the column the increase in 
transverse reinforcement will decrease the strain on the jacket. They noted that increasing 
the amount of FRP layers will decrease the strain carried by the transverse reinforcement 
and the jacket itself; using carbon fiber anchors proved to be more effective than glass 
fiber anchors; and it was found that using CFRP anchored jackets with additional layers 
of unidirectional CFRP at the plastic hinge regions is the most effective way to retrofit 
short columns.  
Haroun & Elsanadedy (2005a) are two papers which cover the testing of 
retrofitted bridge columns with deficiencies in their original design. The first paper 
presents tests of half scaled RC bridge columns with insufficient lap-splice length 
retrofitted using different composite jacket materials. They tested thirteen columns under 
single curvature bending with constant axial load. Of the thirteen columns eight are 
circular columns and five are square columns; three of the columns are “as-built” which 
they used to compare with the jacketed column. The materials used for the jacket are 
carbon fiber-reinforced polymers with an epoxy matrix and E-glass with a polyester 
matrix. The retrofit design consisted of different jacket thickness through the length of 
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the column concentrating the thickest part in the lap-splice region and reducing the 
thickness as you move away from that region. Circular columns showed significant 
improvement in both strength and ductility with both types of FRP materials used and the 
different arrangements. On the other hand, square columns showed limited improvement 
after jacketing with both FRP materials. In conclusion, circular columns jacketed with 
FRP composite materials show its effectiveness to retrofit columns with short lap-splices 
making them able to reach a displacement ductility of 6 without losing their lateral 
capacity. Circular jackets evenly confine the concrete core preventing the split of the 
concrete due to the short splices. Square columns on the other hand have a limited 
improvement in the columns ductility and strength making columns able to develop 1.2-
2.7 displacement ductility before losing significant lateral strength. Jacketed square 
columns with FRP materials lose confining effectiveness as the depth and width increases 
and because of this the square composite jacket are not able to fully rehabilitated columns 
with lap-splice slippage without further detailing. In addition they concluded through 
comparisons with the reference columns that retrofitted columns with composite jackets 
do not alter the effective lateral stiffness.  
Haroun and Elsanadedy (2005b) second paper presents test conducted on squat, 
half scale bridge columns retrofitted with composite material jackets. They test 14 
columns in double bending with a constant axial load. Of the 14 columns seven are 
circular and the rest rectangular. To provide the basic strength of the columns prior to 
jacketing three columns were tested in “as-built” condition. The jacket composite 
materials used are glass fiber-reinforced polymers (GFRP) or carbon fibers-reinforced 
polymers (CFRP). They also test columns which were first loaded to shear failure then 
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repaired following a prescribe process and tested again to failure. The test on “as-built” 
columns showed a rapid loss of lateral load capacity at low displacement ductilities. The 
“as built” columns showed cracks of 30° which is different from the, conservative, 45° 
assumed in current design codes. Both circular and rectangular columns tested met the 
demands after jacketing effectively with FRP jacket. All retrofitted columns showed a 
change in failure mode from, brittle shear to flexural. In conclusion the jacketing of stiff 
shear deficient circular or rectangular columns with composite materials can effectively 
provide the necessary increase in shear strength and ductility to meet code requirements. 
Repaired columns behavior can be compared with that of retrofitted columns without 
prior damage.  
Harries et al. (2006) tested five columns which were designed to have a lap-splice 
brittle failure and were then retrofitted with CFRP. The five columns were tested in 
single curvature bending under constant axial load. The experimental procedure consisted 
of three columns with splices of which one is used as a reference without jacket; two 
other columns are tested without a lap-splice as a comparison of which on is used as a 
reference. The jacketing consisted of applying the FRP layers in the lap-splice zone and a 
reduced thickness outside the lap-splice zone. After testing it was shown that the 
retrofitted columns were capable of maintaining the axial load bearing capacity. It was 
shown that the jackets can decrease the strains developed in the bars which maintain the 
cracks to propagate inside the core preventing the slippage of the longitudinal bars. The 
transverse strain which correspond to the start of splitting cracks is between 1000 and 
2000 microstrain proposed by Seible et al. (1997). This limit in the designs is impractical 
since the design would require a large amount of layers. In conclusion retrofitting 
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columns with lap-splices can be achieved with an external CFRP composite jacket. The 
increment in the lap-splice capacity is sufficient to develop the flexural capacity of the 
cross section. Although there is an increment in the flexural capacity the ductility 
capacity is limited due to the significant slip of the longitudinal spliced bars. It was 
shown that the splices would eventually start slipping at larger deformation levels due to 
the cracks. It was also determined that in some cases after jacketing the columns failure 
can be move to another location of the column (in one case a column footing interface 
cracked prior to failure).   
Ghosh and Sheikh (2007) present tests of columns with inadequate lap-splices, 
jacketed with CFRP composite materials to increase the strength and ductility of columns 
to resist earthquake loading. They tested a total of 12 columns in single curvature 
bending with constant axial load. Of the 12 columns six are circular and six are 
rectangular. The columns varied in the amount of transverse reinforcement and axial 
load. For each jacketed column there is “as-built” column to compare the behavior. The 
columns were jacketed with the composite material surrounding only the lap-splice 
length and extending around 140mm after the splice. Columns with lap-splices within the 
plastic hinge region can reduce significantly the strength and ductility of a column. Using 
CFRP jackets can considerably increase the columns flexural strength, displacement 
ductility and energy dissipation capacity. It was observed that the repair of previously 
damaged columns with the use of CFRP can increase the strength and ductility but it will 
depend on the damage sustain by the column prior to jacketing. It was determined that 
high axial loads can considerably reduce the ductility and energy dissipation capacity. As 
it would be expected a higher quantity of transverse reinforcement can help provide 
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confinement to prevent splitting cracks from propagating and improve the spliced bars 
behavior. They also concluded that CFRP jacketing is significantly more effective for 
circular columns than for rectangular columns due to the confining efficiency in circular 
columns. 
Breña and Schlick (2007) conducted tests of RC columns with short lap-splices 
and widely spaced transverse reinforcement, jacketed with composite materials such as 
aramid and carbon fibers. They examined six columns in single curvature bending under 
constant axial load. The six columns included have a circular cross-section. They tested 
columns that varied in the jacket material used (aramid or carbon) and axial ratio (from 
5% to 15%). For each axial load ratio, there is an “as built” column and two columns 
jacketed: one with aramid fibers and the other with carbon fibers. The FRP fibers were 
applied at the lap-splice region with a single FRP sheet which covered the length of the 
splice extending 35mm after the splice region. In conclusion, circular columns with short 
lap-splices at the base of the column may be rehabilitated with the use of FRP composite 
jackets. The tested specimens are able to maintain the lateral strength at moderate 
displacement ductilities between 4 and 5. They observed after jacketing, the columns 
longitudinal bars can reach yielding and maintain the stress at displacement ductilities of 
more than 4. The FRP jackets strains keep increasing with the imposed drift ratio; this 
indicates the ability of the jacket to prevent splitting cracks in the concrete. The authors 
also noted the reduced pinching in the load-deflection response after jacketing, which 
indicates a higher effective damping in the system. The following these results and others 
from the literature, they are able to create a model to estimate the stiffness degradation 
and the effective damping as a function of displacement ductility and axial load level.  
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Mohamed et al. (2008) described full scale tests of rectangular RC column with 
short lap-splices jacketed with FRP wraps in order to resist high seismic excitations. They 
tested a total of 12 columns in single curvature bending without axial load.  The column 
details vary in: longitudinal steel size, number of CFRP layers and amount of transverse 
reinforcement in the splice region. The columns are tested in sets of four, in which each 
set contained a “as-built” column, a column with continuous longitudinal reinforcement 
as well as closely spaced hoops and two jacketed columns of which one has 1 CFRP layer 
and the second 2 layers wrapped around the lap-splice zone. From these tests, they 
observed: the “as-built” columns failed prior to yielding of longitudinal bars, having a 
sudden loss of stiffness following the first cycle. Bond splitting of the spliced bars is the 
cause of partial failure in the jacketed columns, while failure of the well detailed columns 
is due to crushing of the concrete core and buckling of the reinforcement. After observing 
the jacketed column they concluded that jacketing the splice zone decreases the growth of 
the splitting cracks and develops larger stresses in the spliced longitudinal bars, 
consequently increasing the envelope lateral load capacity. The efficiency of the retrofit 
increases with reinforcement size and the area of the FRP jackets. Other properties that 
are increased with the jacket are: displacement ductility, better energy absorption and 
dissipation capacities, less pinching and improved overall seismic response. It is also 
observed that the strains develop in the FRP jackets were considerably lower than the 
fracture strain of the sheet and the strains decreased as the thickness of the jacket 
increased.  
Ozcan et al. (2010) presented the tests of rectangular RC columns with 
insufficient confining steel and low concrete strength. These columns were jacketed with 
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FRP sheets which are then anchored with CFRP dowels with different arrangements. 
They tested a total of 5 columns under single curvature bending and constant axial load. 
Of the five columns, one is a reference column while the rest are retrofitted with one 
layer CFRP jacket around the plastic hinge zone and anchored using different schemes. 
They observed that jacketed columns are able to have higher displacement ductilities as 
much as three times that of the reference column. They also noted that anchor 
configuration had a significant influence on the columns seismic performance. A greater 
amount of anchors increases the confining effectiveness and consequently increases the 
ultimate drift ratios that can be attained after jacketing. They concluded that an increase 
in anchoring can increase the confining efficiency in RC columns jacketed with CFRP. 
This will increase the columns seismic performance to the design requirements. A model 
was presented to determine the ultimate drift ratios after jacketing with CFRP. 
2.3. Calculate Jacketed RC Column Behavior 
The research done as of now has developed models to calculate the enhanced 
properties of jacketed column with deficiencies within their original designs. These 
models were then compared to several columns in their studies, while others were 
compared with existing results. The develop models follow the limited amount of 
experimental tests with jacketed columns. 
This study creates a database of jacketed columns with steel and composite 
materials, which are then used to develop a recommendation in order to obtain key 
parameters which describe the jacketed column behavior. This guideline employs the 
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details of the current column design and jacket so as to determine key parameters. The 
guideline allows the use of commercial software to decide the jacketed column response.  
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CHAPTER 3 
 JACKETED COLUMN STRENGTH AND DESIGN 
Column jacketing increases reinforced concrete (RC) column ductility, stiffness 
and strength while largely maintaining the original column dimensions. These beneficial 
effects on column behavior have been proven from past experiments by several 
investigators who have conducted tests of jacketed columns. The laboratory experiments 
included columns with different amounts of steel reinforcement and various levels of 
axial load to mimic different columns with deficiencies such as low shear strength, 
insufficient confinement and short lap-splices. Based on these tests several researchers 
have developed models to calculate the contribution of the jacket to strength and 
deformation capacity of columns. Some of these models are presented in detail in this 
chapter and details of the experiments are presented in Chapter 4. The models are needed 
so that strength and deformation capacity of a jacketed column can be determined to 
construct its nonlinear load-deformation curve. The models were chosen following code 
provisions, published guidelines or publication. This chapter also presents a design 
procedure that can be followed to determine the length and thickness of jackets to satisfy 
a required strength and ductility demand. The design procedures presented in this chapter 
are specific to the existing column geometry (cross section) and internal reinforcement 
details. The design of a column retrofit using jackets depends on the required strength 
and the anticipated displacement ductility demand, which in turn depend on the 
seismicity of the area.  
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3.1. Pre-1970s Column Characteristics 
Building frames constructed prior to the 1970s contain columns with 
reinforcement details that may cause column failure at moderate or low lateral 
displacement (low displacement ductility).  The most important details that result in non-
ductile RC columns are: short length of longitudinal bar splices (short lap splice) in the 
plastic hinge region of columns, and large spacing of transverse reinforcement leading to 
shear strength deficiency and lack of core confinement. Pre 1970s columns contain 
transverse reinforcement (hoops and ties) typically spaced at 305 mm (12 in) or more 
regardless of column dimensions and longitudinal reinforcement. The largely spaced 
hoops were also inadequately sized and typically were terminated in standard 90° hooks. 
Figure 3-1(a) shows a column with largely spaced hoops and with longitudinal bars 
spliced within the plastic hinge region (common practice pre-1967). Lap splice lengths 
were typically 20 to 24 times the longitudinal bar diameter (db). Even though some 
columns had spacing of hoops that were closer than 305 mm (12 in), which was the 
spacing required by the current code at the time (ACI 318-71), columns that failed after 
the 1971 San Fernando Earthquake showed that the presence of splices within the plastic 
hinge region proved to be detrimental (Figure 3-1(b)). After the 1971 San Fernando 
Earthquake the steel detailing requirements in codes, such as UBC-85, changed to 
prohibit lap splices within the plastic hinge region of columns and beams.  The length of 
lap splices in other regions of structural elements was also significantly increased as 
shown in Figure 3-1(c).  Since the 1970s it has been clear that in order for columns to 
have adequate displacement ductility, the reinforcing details provided within the plastic 
hinge region at the ends of the columns need to be adequate. These include closely 
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spaced transverse reinforcement for confinement, well distributed longitudinal 
reinforcement with lateral support provided by cross-ties, and continuous bars (no 
splices).  Many older columns contain details that do not result in satisfactory earthquake 
performance, so column jacketing may be used to improve their behavior to levels similar 
to a newly constructed column with ductile detailing. 
(a) 
 
(b) 
 
(c) 
Figure 3-1(a) Large transverse spacings and lap splice within the plastic hinge region; (b) 
Closely space hoops with splices within the plastic hinge region; (c) Modern design 
details 
3.2. Effects of Column Jacketing on Lateral Strength 
Jacketing may increase the flexural and shear strength of the column, depending 
on the jacket material and the way of connecting the jacket to the existing concrete 
column. The two types of jackets studied in this research, steel and FRP, contribute in 
different degrees to concrete confinement, shear strength, and flexural strength. Steel 
jackets typically can increase shear strength, stiffness and concrete confinement of the 
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columns. Although steel can be considered as an isotropic material, the jacket 
contribution to column flexural strength is usually neglected because of the way steel 
jackets are connected to the existing column.  Gaps are usually left between the edge of 
the jacket and the foundation and the floor system at the bottom and top of the column, 
respectively, thereby preventing  bearing of the jacket against these horizontal surfaces.  
Also, an annular gap is filled with non-shrink grout that can allow slip between the jacket 
and the surface of the original column minimizing shear transfer between jacket and 
column.  This results in a small contribution to flexural strength that can be typically 
neglected.  
FRP jackets primarily provide strength and stiffness in the direction of fiber 
orientation.  Since these jackets are normally placed with fibers oriented transversely to 
the column axis, the primary benefits to column behavior are an increase in shear strength 
and improved lateral confinement of the concrete section. The contribution to column 
flexural strength by an additional tensile force component is negligible since these jackets 
have low strength and stiffness in the direction perpendicular to the fibers (axial direction 
in column). The increase in concrete confinement improves curvature ductility and 
column flexural strength by allowing the concrete core to develop higher strains and 
stresses. 
3.2.1. Shear Strength of Jacketed Columns 
Nominal shear strength of a jacketed RC column was calculated in this research 
using the approach proposed by Priestley et al. (1994).  In this approach the shear 
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strength is computed by adding the contributions from concrete, transverse 
reinforcement, axial force, and jacket material as shown in Eq. 3-1: 
 ௡ܸ = ௖ܸ + ௦ܸ + ௣ܸ + ௝ܸ  Eq. 3-1 
  
where, Vc is the concrete contribution to shear resistance, Vs is the shear strength provided 
by transverse reinforcement (steel hoops or ties), Vp is the resistance provided by the 
compressive strut generated by axial load in the column that is inclined relative to the 
column axis, and Vj is the shear resistance contributed by the jacket.  Each of these 
contributions is discussed in the sections that follow. Although the ASCE/SEI 41-13 has 
another equation to evaluate the shear strength of a RC column, this approach was chosen 
because it has been widely used in multiple jacketing studies and guides. 
3.2.1.1.Contribution of Concrete, Steel and Axial Load to Shear Strength 
The original column has three contributing elements to the shear strength: the 
shear strength provided by the axial load (Vp), steel reinforcement (Vs) and the concrete 
(Vc). The terms Vp, Vs, and Vc can be estimated using the models proposed by Ang, 
Priestley and Paulay (1989). The contribution of axial load to shear strength can be 
calculated using: 
 ௣ܸ = ܲ tan ߛ = ܲ(ܦ − ܽ)/ܪ Eq. 3-2 
  
Where, P is the axial force on the column, D is the cross-sectional dimension parallel to 
the direction of shear force or the column diameter, a is the equivalent compression zone 
depth, and H is the column clear height (top of slab to bottom of beam or slab). All of 
these quantities are constant except for a,  which depends on the level of axial force and 
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bending moment in the column. For simplicity a is estimated as the depth corresponding 
to balanced capacity of the column cross-section. 
Transverse steel contribution to shear resistance (Vs) can be calculated by 
assuming shear is carried through a truss mechanism that involves the transverse 
reinforcement as tension members and concrete struts as diagonal compression members.  
In circular columns the section can be represented as an equivalent rectangle of width D 
and effective depth d=0.8D. The resulting shear-resisting forces provided by the 
transverse reinforcement can be calcualted assuming that diagonal tension cracks form at 
an angle equal to 30° from the axis of the column (Priestly et al. 1994), using: 
For circular columns, 
 ௦ܸ =
ߨ
2
ܣ௦୦ ௬݂୦ܦ′
ݏ
cot 30° Eq. 3-3 
and for rectangular columns, 
 ௦ܸ =
ܣ௦୦ ௬݂୦ܦ′
ݏ
cot 30°  Eq. 3-4 
where Ash represents the total area of the transverse reinforcement in the direction of the 
loading within spacing s, fyh is the yield stress of the transverse reinforcement and D' is 
the distance between peripheral stirrups/hoops. 
 The concrete component to shear strength (Vc) can be calculated using: 
 ௖ܸ = ݇ඥ݂′௖ܣ௘ Eq. 3-5 
Where Ae is the effective shear area which can be taken as 0.8Ag for both circular and 
rectangular columns; k is a constant that depends on displacement ductility (μΔ) demand 
(Kowalsky et al. 2000), which reduces the concrete strength because of loss of aggregate 
interlock at higher displacement ductility due to crack widening. For uniaxial bending: 
33 
 
 k=0.29 for  μΔ ≤ 2   
 k = 0.10 for μΔ ≥ 4  
  k = 0.05 for μΔ ≥8)  
In the case of columns subjected to biaxial moments Kowalsky et al. (2000), based on 
Ang/Wong (1989) model, recommend decreasing the displacement ductility limits to: 
 k=0.29 μΔ≤1  
 k = 0.10 μΔ=3  
 k = 0.05 μΔ≥7  
The k values, as shown in Figure 3-2, vary linearly between the displacement ductility 
levels indicated above.  
 
Figure 3-2  k vs. Displacement Ductility 
Appendix B shows the shear capacity of the columns in the database with and without the 
contribution of the jacket, which is discussed in the following sections, and they are 
compared with the shear strength develop during the experimental testing of the 
individual columns.  
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3.2.1.2.Contribution of Steel Jacket to Shear Strength 
The steel jacket contribution to the shear strength of the column depends on the 
jacket thickness, its material properties (yield stress) and the radial distance to the jacket. 
This section presents three models that account for the three different cross sections for 
steel jacketed columns.  
For circular cross sections: 
 
௦ܸ௝ =
ߨ
2
ݐ௝ଶ ௬݂௝൫ܦ௝ − ݐ௝൯ܿ݋ݐ30°
ݐ௝
 Eq. 3-6 
Where tj is the thickness of the jacket, fyj is the yield stress of the steel jacket and 
Dj is the diameter of the cross section to the outside of the jacket. This model for circular 
jacket contribution to shear strength uses similar assumptions used when developing the 
equations for shear strength contributed by transverse reinforcement in circular columns. 
For an elliptical jacket, the shear strength enhancement was determined by 
Priestley et al. (1994) considering equilibrium of forces parallel to the applied shear. The 
elliptical steel jacket is assumed to yield in tension as consequence of resisting shear. The 
following equations are used to determine the shear contribution of elliptical jackets: 
Elliptical section - strong direction: 
 ௦ܸ௝ = 3.46 ௬݂௝ݐ௝ܦ௝ − ݐ௝[1 − ቀ1 −
ߨ
4
ቁ ܤ௝ ܦ௝൘ ] Eq. 3-7 
Elliptical section - weak direction 
 ௦ܸ௝ = 3.46 ௬݂௝ݐ௝(ܤ௝ − ݐ௝)[1 − ቀ1 −
ߨ
4
ቁ ܦ௝ ܤ௝൘ ] Eq. 3-8 
Where Dj is the larger diameter of the elliptical section and Bj is the smaller diameter.  
The shear strength provided by rectangular steel jackets can be estimated using 
the equation of shear strength of rectangular hoops Eq. 3-4 considering the jackets as 
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equivalent hoops. By using Eq. 3-4 and adjusting the values for that of a steel jacket: 
Ash=2tj2 ; s=tj and D’ is the dimension of the jacket parallel to the shear direction. 
Rectangular 
௦ܸ =
௬݂୦ܣ௦୦ܦ′
ݏ
cot ߠ 
௦ܸ௝ =
൫ ௬݂௝൯2ݐ௝ଶ(Dᇱ)
ݐ௝
cot ߠ 
 ௦ܸ௝ = 2 ௬݂௝ݐ௝(Dᇱ) cot ߠ Eq. 3-9 
By determining the shear strength of a retrofitted column using these methods the 
strength provided by the jacket will generally exceed the demand to achieve flexural 
hinging of the column. The contribution to shear strength provided by the steel jacket 
combined with the transverse reinforcement of the column often exceeds the upper limit 
for transverse reinforcement in ACI 318-11 (8ඥ݂ᇱ௖ܾ௪݀). The approach proposed is in 
agreement with ACI 318 section 11.4.7.9. which indicates that in case "Where more than 
one type of shear reinforcement is used to reinforce the same portion of a member, Vs 
shall be computed as the sum of the values computed for the various types of shear 
reinforcement and shall not be taken greater than ௦ܸ + ௝ܸ ≤ 8ඥ݂ᇱ௖ܾ௪݀.”. This limit is 
provided to avoid strut crushing based on a truss model for shear. After computing this 
limit and comparing it with the strength provided by the steel jacket and stirrups from the 
experimental tests, this limit in all cases was exceeded. Therefore, the maximum value of 
8ඥ݂ᇱ௖ܾ௪݀, governed the shear strength provided by jacketed columns considered in this 
research.  It is unknown if the presence of the jacket could increase the strut capacity 
because of confinement. 
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3.2.1.3.Contribution of FRP Jackets to Shear Strength  
FRP jackets also increase the shear strength of RC columns. The shear strength 
contribution of FRP jackets can be estimated using models proposed by Seible et al. 
(1995) who took the material properties, the thickness of the jacket, and the diameter of 
the jacket to compute the shear strength provided by the FRP jacket:  
For rectangular columns: 
 
௙ܸ௥௣ = 2ݐ௝ߝఌ௙௘ܧ௝ܦ௝ cot ߠ Eq. 3-10 
For circular columns: 
 
௙ܸ௥௣ =
ߨ
2
ݐ௝ߝఌ௙௘ܧ௝ܦ௝ cot ߠ Eq. 3-11 
The model includes an effective strain (efe) developed in the FRP jacket at 
failure, (assumed equal to 0.004 as suggested by Seible et al. (1999)). Dj is the dimension 
of the section parallel to the shear direction in both equations, and Ej is the FRP jacket 
modulus of elasticity which in combination with the effective strain is used to determine 
the effective horizontal stress in the jacket. A more complex and integrating model is 
included in the ACI 440.2R-08 for the contribution to shear sterngth by the FRP jacket 
but this model was used in this study since is also accepted by multiple publications and 
guidelines while being simpler to implement in a large database. Furthermore, similar to 
columns with steel jackets, the calculated shear strength contributed by the jacket and the 
steel hoops usually exceeded the upper bound of ௦ܸ + ௝ܸ ≤ 8ඥ݂ᇱ௖ܾ௪݀ specified by ACI 
318. Because this limit was in all cases exceeded the shear contribution of the FRP jacket 
was also capped at 8ඥ݂ᇱ௖ܾ௪݀. These results are shown in Appendix B. 
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3.2.2. Confining Effects of Column Jacketing 
Confinement induced by column jacketing is activated after the concrete expands 
due to micro-cracking (passive confinement).  The increased concrete confinement 
allows the development of higher stresses and strains in the confined concrete core 
resulting in an increased flexural strength.  Jackets also prevent the concrete cover from 
spalling after loading cycles at low displacement ductility levels, preserving integrity of 
the column section and delaying longitudinal reinforcement buckling. In addition, jacket 
confinement can control dilation of the concrete preventing shear cracks from widening 
and causing loss of aggregate interlock.  This allows the jacketed column to maintain 
shear strength at higher inelastic displacements. Jacket confinement can induce clamping 
stresses along lapped bars reducing slip in short lap-splices.  
Jacket confinement effects are computed depending on the material used in the 
jacket. Sections 1.2.2.1 and 1.2.2.2 present the models used in this study to calculate the 
confinement provided by steel jackets and by FRP jackets, respectively.  
3.2.2.1. Concrete Lateral Confining Stress Induced by Steel Jackets 
Steel jacket models to calculate the confining stresses of circular and elliptical 
jackets were proposed by Priestly et al. (1994). The models take into account the different 
loading directions and properties of the steel jackets. The following equations can be used 
to compute the effective lateral confining stress generated by circular and elliptical steel 
jackets:  
For circular jackets: 
 ݂′௟ =
2 ௬݂௝ݐ௝
(ܦ௝ − 2ݐ௝)
 Eq. 3-12 
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For elliptical jackets - strong direction: 
 
݂′௟ =
௬݂௝ݐ௝ܿ݋ݏߚ
ܤ
 Eq. 3-13 
 
 ߚ = tanିଵ
ۉ
ۇ ܤ௝ܦ
ܦ௝ටܦ௝ଶ − ܦଶی
ۊ Eq. 3-14 
 For elliptical jackets - weak direction: 
 
݂′௟ =
2 ௬݂௝ݐ௝ܿ݋ݏߚ
ܦ
 Eq. 3-15 
 
 ߚ = tanିଵ
ۉ
ۇ ܦ௝ܤ
ܤ௝ටܤ௝ଶ − ܤی
ۊ Eq. 3-16 
Rectangular steel jackets are commonly used but a model to calculate the confinement 
induced by jacketing is lacking.  Like stirrups in rectangular columns, the rectangular 
steel jackets lose confining efficiency as the depth-to-width ratio of the column cross-
section increases. Therefore, rectangular jackets were modeled with the concept that the 
rectangular jackets bend into an elliptical shape as a result of concrete expansion as 
shown in  
Figure 3-3. The magnitude of concrete expansion required to deform a rectangular jacket 
into an ellipse, is significantly large, so this approximation is not intended to represent 
sectional behavior but only as a tool to compute an effective confining stress of a 
rectangular jacket. This model estimates the lateral confining stress of the steel jackets 
with reasonable accuracy. The recommended method makes use of an equivalent 
elliptical area to approximate the elliptical dimensions that can be used in the model 
proposed by Priestley et al. (1994). Applying this approximation, the original rectangular 
column cross section of depth dc and width bc is transformed into an equivalent ellipse 
with major and minor axis dimensions determined from Eq. 3-17 and Eq. 3-18:  
39 
 
 
ℎ௘௟௟௜௣ = 2 ቎ඨ൬
ܾ௖
4
൰
ଶ
+ ൬
݀௖
2
൰
ଶ
+ ൬
݀௖
2
−
ܾ௖
2
൰቏ Eq. 3-17 
 
 
ܾ௘௟௟௜௣ = 2 ቎ඨ൬
݀௖
4
൰
ଶ
+ ൬
ܾ௖
2
൰
ଶ
− ൬
݀௖
2
−
ܾ௖
2
൰቏ Eq. 3-18 
 
These formulas result in approximately the same area of the original rectangular column. 
These variables are different from the elliptical jacket dimensions Dj and Bj because they 
are equivalent dimensions but when using the model by Priestley (1994) to evaluate the 
lateral confining stress of elliptical jackets hellip will be used as Dj and bellip as Bj. This 
method produced the best results when comparing with multiple steel jacketed column 
results.  
 
Figure 3-3 Equivalent elliptical area 
This model was used after proven to provide accurate results when compared with the 
database as shown in Appendix B. 
3.2.2.2.Concrete Lateral Confining Stress Induced by FRP Jackets 
There have been several approaches to calculate confinement provided by FRP 
jackets. In this research the models provided in the ACI 440.2R-08 Guide, which are 
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based on the model created by Lam and Teng (2003) were used since the model provided 
reasonable results while accepted by the ACI committee 440. For FRP jackets, factors are 
applied to the confinement calculations based on engineering judgment and/or calibration 
to experimental results to account for early debonding of the fibers. The lateral 
confinement pressure provided by the FRP jacket on circular sections can be computed 
by: 
 
௟݂ =
2ܧிோ௉݊ݐ௙ߝ௙௘
ܦ௝
 Eq. 3-19 
where, EFRP is modulus of FRP jacket, n is number of FRP plies (layers), tf is thickness of 
FRP jacket, fe is effective strain in FRP jacket (assumed equal to 0.57fu), fu is the 
maximum strain at failure of FRP jacket material and Dj is the diameter of existing 
column. 
For rectangular FRP jackets, the column cross section is transformed into an 
equivalent circular cross section, instead of the elliptical shape that is used for steel 
jackets, given the higher flexibility of this material.  The diameter of the equivalent 
section is calculated equal to the diagonal dimension of the column cross section 
calculated using the Eq. 3-21. This equivalent diameter is used in Eq. 3-20 to compute the 
equivalent lateral stress with the difference that the equation has an added shape factor to 
take into account the loss of efficiency due to the depth to width ratio of the column 
cross-section. 
 ௟݂ =
2ܧிோ௉݊ݐ௙ߝ௙௘
ܦ௘௤௨௜௩
ߢ௔ Eq. 3-20 
Where: 
 
ܦ௘௤௨௜௩ = ඥ(݀௖)ଶ + (ܾ௖)ଶ Eq. 3-21 
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The shape factor (κa) is based on several geometrical parameters and the 
longitudinal steel ratio (ρs). This factor also depends on the effective confined area 
(Ae/Ac) which is calculated by assuming unconfined areas fall outside parabolas drawn to 
the corner of the column (see Figure 3-4). The shape factor is computed using:  
 ߢ௔ =
ܣ௘
ܣ௖
൬
ܾ௖
݀௖
൰
ଶ
 Eq. 3-22 
 
ܣ௘
Aୡ
=
1 −
൤ቀܾ௖݀௖
ቁ (݀௖ − 2ݎ௖)ଶ + ቀ
݀௖
ܾ௖
ቁ (ܾ௖ − 2ݎ௖)ଶ൨
3ܣ௚
− ߩ௦
1 − ߩ௦
 
Eq. 3-23 
 
 
Figure 3-4 Effective circular area and confined zone 
The small thickness of FRP sheets results in very low bending strength parallel to 
the fiber direction. The FRP jacket confining capacity is significantly reduced in columns 
with high >hc/bc ratios. For designs of rectangular columns with high confinement 
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requirements, anchoring the FRP jacket into the column core at different locations is 
suggested. Although anchoring of rectangular FRP jackets may be necessary for some 
columns this study does not take into account the effects of anchorage in the columns.  
3.3. Jacket Design 
While assessing an existing column one or more deficiencies might control the 
failure of the column. The particular aspects of each deficiency can be addressed in order 
to design a proper retrofit for the column. Each deficiency affects differently the way the 
column responds to loading cycles and inelastic deformations. Understanding the 
interaction between the jacket and the existing concrete column is vital to create methods 
to retrofit columns. This section presents the requirements and design for FRP and steel 
jacket retrofits for columns with low shear strength, short lap splices and insufficient 
confinement within their original design. Although jacketing is known to increase the raw 
strength of the column by changing the columns interaction diagram this will not be 
covered in the study (for this information see ACI 440.2R). 
3.3.1. Confinement Retrofit Design 
Columns subjected to seismic actions are expected to sustain inelastic rotations 
within the plastic hinge region. The inelastic displacement will create a high curvature 
ductility demand on the column section. To meet this displacement ductility demand the 
column section needs to have proper confinement. The jacket can be designed to provide 
the required confinement by following the process developed by Seible and Priestley 
(1997).  
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The plastic hinge region has a higher displacement ductility demand than the rest 
of the column; therefore the length of the plastic hinge region (Lp) is critical in design of 
the jacket. This length is measured from the base of the column for columns in single 
curvature and for columns subjected to double curvature the plastic hinge can form at 
both top and bottom of the column giving it two plastic hinge regions. The plastic hinge 
length can be calculated following the equation by Priestley, Seible, and Calvi (1996), 
presented as Eq. 3-24, in which L is the shear span (length of the column with constant 
shear force) of the column. 
 ܮ௣ = 0.08ܮ + 0.022 ௬݂݀௕ ≥ 0.044 ௬݂݀௕  (ܯܲܽ) Eq. 3-24 
The design is based on sectional forces; curvature ductility can be used to 
represent the deformation demand on the column cross-section.  The displacement 
ductility demand is used to estimate curvature ductility assuming that inelastic curvature 
concentrates in the plastic hinge region.  From the required displacement ductility (μΔ), 
the distance of the compression zone (cu) in the column, the required ultimate strain (εcu) 
can be calculated following equations: 
 ߶୳ =
ߝ௖௨
ܿ௨
 Eq. 3-25 
 ߤம =
߶௨
߶௬
 Eq. 3-26 
 
ߤ୼ = 1 + 3൫ߤథ − 1൯
ܮ௣
ܮ
ቆ1 −
0.5ܮ௣
ܮ
ቇ Eq. 3-27 
where ϕy,and ϕu present the yield and ultimate curvature for the section and cu can be 
estimated using a moment curvature analysis of the original section.  
With the required ultimate compressive strain and an estimated relationship 
between the ultimate compressive strain (εcu) and the jacket volumetric ratio (ρj) the 
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required thickness of the jacket can be estimated. For steel material jackets the 
relationship can be calculated using Eq. 3-28: 
 ߝ௖௨ = 0.004 +
1.4ߩ௝ ௬݂௛ߝ௦௨
௖݂௖
ᇱ  Eq. 3-28 
On the other hand, FRP materials have a linear stress strain behavior to failure. Eq. 3-29 
accounts for the linear stress-strain behavior of FRP jackets to relate concrete strain to 
jacket volumetric ratio.. 
 ߝ௖௨ = 0.004 +
2.5ߩ௝ ௙݂௥௣ߝ௙௥௣
௖݂௖
ᇱ  
 
Eq. 3-29 
The volumetric ratio of circular jackets can be estimated using Eq. 3-30. 
 ρ୨ =
4t୨
ܦ௝
 Eq. 3-30 
For rectangular steel jackets the volumetric ratio can be, conservatively, estimated using 
equation Eq. 3-30 using ܦ௝  ܽݏ 
௛೐೗೗೔೛
య ା௕೐೗೗೔೛
య
ଶ௛೐೗೗೔೛௕೐೗೗೔೛
 . For rectangular FRP jackets Dequiv can be used 
as Dj. With these assumptions and equations 1-30 and 1-29 the thickness of FRP jackets 
can be obtain in terms of the required ultimate strain (Eq. 3-31). 
ߝ௖௨ = 0.004 +
10ݐிோ௉ ௝݂௨ߝ௝௨
ܦ௝ ௖݂௖ᇱ
 
By clearing for the thickness of the FRP jacket: 
 ݐிோ௉ =
0.1(ε௖௨ − 0.004)ܦ ௖݂௖ᇱ
௝݂௨ߝ௝௨
 Eq. 3-31 
Similarly, with equations 1-30 and 1-28 the thickness of steel jackets can be 
obtain in terms of the required ultimate strain (Eq. 3-32). 
ߝ௖௨ = 0.004 +
5.6ݐ௦௝ ௬݂௝ߝ௦௠
ܦ ௖݂௖ᇱ
 
 
ݐ௦௝ =
0.18(ε௖௨ − 0.004)ܦ ௖݂௖ᇱ
௬݂௝ߝ௦௠
 Eq. 3-32 
where fju and εju are the rupture stress and strain of the FRP jacket and fyj and εsm present 
the yield stress and maximum strain of the steel jacket.  
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3.3.2.  Shear Retrofit Design 
Shear deficient columns have insufficient hoops and/or ties (small bars, large 
spacing) that do not allow the development of flexural hinges at the plastic hinge 
region(s). The original column shear strength will also vary along the length of the 
column because of the difference in curvature ductility demands. At the plastic hinge 
region (Lvi = Lp Figure 3-5) the curvature ductility demand is high while at the middle 
section (Lvo) this demand is lower. Knowing this the shear retrofit design will be different 
for regions where inelastic rotations are expected (ends) from those where a more linear 
behavior occurs (middle).  
The retrofit of a shear deficient column requires an increment in the shear strength 
of the column to allow development of flexural plastic hinges in the columns. To ensure 
the shear strength of the column is sufficient to allow yielding of the longitudinal 
reinforcement without loss of integrity at large displacements, equation Eq. 3-33 
proposed Priestly and Seible et al. (1996) was used. In this equation Vo indicates the shear 
strength required to develop the flexural plastic strength of the column which can be 
obtained using a moment curvature analysis of the section and Vj is the jacket shear 
strength.  
When using steel jackets, the shear strength provided by the jacket (Vj = Vsj) can 
be calculated using Eq. 3-6, Eq. 3-7, Eq. 3-8 or Eq. 3-9 depending on the column 
geometry and loading direction. The design of the jacket will be determined by solving 
for the thickness of the jacket (tj).  The slight increase in column dimensions due to 
presence of non-shrink grout used to fill the gap between the steel jacket and column 
 ߶௩( ௣ܸ + ௖ܸ + ௦ܸ + ௝ܸ) ≥ ௢ܸ Eq. 3-33 
46 
 
section has to be taken into consideration when calculating Vc. For the case of steel 
jackets, an efficient retrofit design will be controlled by the thickness within Lvi.  
The retrofit shear design using FRP jackets will follow the same general 
procedure as used for steel jackets. The shear strength provided by the jacket (Vj = VFRP) 
can be calculated using Eq. 3-10 or Eq. 3-11. Shear inclined cracks can be controlled by 
limiting the column dilation in the loading direction. A limit of 4% strain was proposed 
by Priestly et al. (1996); this maximum strain can be applied in Eq. 3-10 or Eq. 3-11 for 
FRP shear strength to determine the necessary thickness to restrict the column shear 
crack propagation. FRP jackets may be placed using different thicknesses along Lvi and 
Lvo.  
3.3.3. Design for Clamping of Short Lap-Splices 
Short lap splices in older columns were typically located at the base of the 
columns just above the slab and footings, at these locations, inelastic rotations are 
expected.  The lap splice length was usually between 20 and 24 bar diameters. Jacketing 
along the splice length develops lateral clamping of the splice that allows bars develop 
higher stresses without slipping.  
A clamping of confining pressure around the splices is required to achieve an 
adequate retrofit for short lap-splices. The clamping pressure needed fl is estimated using 
Eq. 3-34, which was derived by Seible et al. (1995). In this equation, p is the perimeter 
along the splice section, n represents the number of splices along that perimeter. 
Clamping should control column dilation to a value not greater than 0.1%. This limit 
strain, which was employed on this study, was proposed by Priestly et al. (1996), who 
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found that exceeding dilation strains of 0.2% would allow bars to slip. Setting this limit 
the jacket thickness can be calculated using Eq. 3-35 and Eq. 3-36 in which fh indicates 
the clamping pressure provided by the existing transverse reinforcement (Seible et al. 
1997; Priestly et al. 1996).  
 ௟݂ =
ܣ௦ ௬݂
ቂ ݌2݊ + 2(݀௕ + ܿܿ)ቃ ܮ௦
 Eq. 3-34 
 ݐிோ௉ = 500
ܦ( ௟݂ − ௛݂)
ܧிோ௉
 Eq. 3-35 
 ݐ௦௝ = 250
ܦ( ௟݂ − ௛݂)
ܧ௦
 Eq. 3-36 
3.3.4. Additional Jacketing Details 
As mentioned in the design descriptions, there are different regions affected by 
the deficiencies within a column as shown in Figure 3-5. The design of the jacket might 
favor the placement of a jacket at a specific region rather than the entire column length. 
For these designs further analysis must be made outside the jacketed section (example: 
shear check due to an increased shear demand due to retrofit of the plastic hinge zones). 
Jackets might increase stiffness and strength that may cause failure to occur above the 
jacketed length. Steel jackets, because of the isotropic properties and the slight increase 
in section size, can increase the column stiffness 20 to 60 percent depending on the 
section geometry. FRP jackets will not increase the columns flexural stiffness 
significantly, but columns should be checked for the potential of concrete spalling outside 
the jacketed section since concrete strains will increase within the jacketed region.  
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Figure 3-5 Jacket Design Regions 
The FRP jackets are considerably easier to place than other jacketing materials. 
FRP jackets do not significantly change the dimensions or flexural stiffness of the 
original column because fibers are usually oriented transversely with respect to the 
column axis. The jacket flexibility before saturation with epoxy allows the jacket to 
conform to any cross-sectional shape. The FRP jacket strength depends on the matrix 
element that connects the jacket to the original column. This matrix agent (epoxy) has 
been shown to fail before reaching the actual capacity of the FRP sheet, which is 
reflected in using an effective FRP strain in the models described above.  
 The construction process for steel jackets varied depending on researcher (Chai et 
al., 1991; Alcocer and Hernandez, 2002; Aboutaha et al., 1999; Xiao and Ma, 1997; 
Priestly et al., 1994; and Hwang at al., 2005). The details of construction were developed 
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to ensure that adequate shear transfer occurred between jacket and concrete section, and 
among the elements making up the jacket (connection between plates or angles that form 
the jacket).  
FRP and Steel jackets have different details that could make them favorable over 
the other depending on the project. The location, ease of access, construction time, 
project manager, cost, designer, etc. might be the factors that decide the retrofitting 
material.  
The models and guides presented here can be used to design and evaluate jacketed 
columns. Chapter 4 presents the creation of a database to that will be used to prove the 
effectiveness of the models to determine key parameters that describe the behavior of 
jacketed columns. Chapter 5 will describe a guideline to determine the jacketed columns 
behavior using a simplified method that uses the models presented in this chapter. These 
models and design process will then be used in nonlinear analysis of prototype frames.  
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CHAPTER 4 
 DATABASE OF JACKETED COLUMNS AND BACKBONE PARAMETERS 
This chapter presents the procedure that was followed to construct a database of force-
deformation envelope curves of jacketed reinforced concrete (RC) columns based on a 
large number of column specimens that were collected from the literature.  The chapter 
begins with a brief description of the jacketing configurations and column characteristics 
used in the literature; followed by a description of the column parameters in the database 
and finally a description of the columns envelopes and key parameters included in the 
database. 
4.1. Jacket Retrofit Configurations 
Column retrofits using jacketing are directed to correct deficiencies in the column 
original design. As discussed in Chapter 3 the most common deficiencies encountered in 
columns prior to 1970s are: short lap splices of longitudinal bars in plastic hinge regions, 
low shear strength, and insufficient confinement of the column core. Columns designed 
after the inclusion of seismic requirements in the ACI code in the early 1980s contain 
details that were developed to avoid each of these deficiencies. Past researchers (Seible et 
al. 1997, Aboutaha 1999, Xiao 1997, Priestly et al. 1996, Chai et al. 1991, Harries et al. 
2006, Elsanadey and Haroun 2006, and others) have based the requirements for the jacket 
design to try to emulate the behavior of a well-detailed column. Figure 4-1 shows 
different basic arrangements used by past researchers to mitigate the different 
deficiencies by using either FRP jackets or steel jackets.  
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(a) 
 
(b) 
Figure 4-1  Jacket arrangements 
The jacket arrangements shown in Figure 4-1 apply to both steel and FRP 
material jackets. A full height jacket is mostly applied on shear deficient columns. The 
RC column shear strength demand depends on the moment capacity of the column hinges 
which in turn create a high shear demand through the columns.  Jacketing at the top and 
bottom of the column in double curvature focuses the retrofit to the plastic hinge region 
of the column as mentioned in Section 3.3.  For these cases, jacketing is used to address 
deficiencies concentrated in the plastic hinge region such as short lap-splices or 
inadequate confinement of the concrete core. Unlike steel jackets FRP jackets thickness 
can easily vary along the height of the column due to its weight and ease of installation. 
The variable thickness can help keep the cost down while addressing different 
deficiencies/demands throughout the length of the column (Figure 4-2).  
 These are the basic jacket arrangements. There are other specifications used in the 
literature such as: use of anchors on the sides of the jacket to the RC column, the anchors 
have been made of steel bolts, steel plates and FRP; the addition of steel angles on top of 
steel plates; the use of a non-continuous steel plate; round rectangular column edges; etc. 
Addressing the benefits of all the retrofitting details may prove too ambitious for this 
study and therefore this study will treat jackets as continuous or partial only. Continous 
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are the jackets that have a continuous thickness through the full column length Figure 
4-1a and partial are those in which the jacket is concentrated in a region Figure 4-1b. 
 
 
Figure 4-2 Variation of FRP thickness along column height 
4.2. Description of Jacketed Column Database 
The capacity of jacketed columns has been tested with individual experiments 
targeting specific deficiencies as mentioned above. There are numerous tests with 
specific details and jacket configurations. From these existing laboratory experiments 
which tested jacketed RC columns a database was compiled to study the cyclic force-
deformation response (hysteretic response) characteristic of these retrofitted elements. 
Jackets improve both axial and lateral capacity, which is studied separately in the 
literature. This study will concentrate on measuring the lateral capacity and therefore the 
data used for the database was compiled from publications and reports which tested 
jacketed columns under quasi-static lateral loading. The basic information collected from 
the publications are column geometry, material properties, reinforcement details and 
jacket details.  
The publications reported the cyclic force-deformation response of jacketed 
column specimens, which was then used to construct a response envelope (backbone 
53 
 
curve) as discussed in section 4.2.1. A response envelope, also known as backbone curve, 
is used to describe the relationship between the force and deformation of a structural 
component in a simplified way.  This backbone is used to characterize the cyclic load-
deformation response. The backbone was then used to extract key parameters for 
comparison with proposed models which is discussed in Chapter 5 and Chapter 6.  
All columns in the database were tested under lateral cyclic static loading applied 
incrementally following a prescribed protocol. Columns were tested in as built (un-
retrofitted) condition and retrofitted using jackets made with fiber-reinforced polymer 
(FRP) or steel materials. Columns were loaded in either single curvature bending 
(cantilever) or double curvature bending (fixed-fixed).  These boundary conditions used 
in the tests were meant to replicate the conditions of bridge columns or frame columns. 
Although this research is primarily directed to frame column retrofits the tests intended to 
simulate bridge column behavior (single curvature) were still included in the database 
because these columns may be considered representative of building column 
deformations up to the point of inflection.  
The database consists of a total of 116 columns, 84 and 32 columns jacketed 
using fiber reinforced polymer (FRP) or steel materials, respectively. Figure 4-3a gives a 
summary on the number of columns in the database according to jacket type, geometry 
and Figure 4-3b shows the amount of columns divided by the deficiency encountered in 
the original design. The column deficiency is defined as a characteristic in the column 
design that is the cause of the failure of the column at low displacement ductility which 
furthermore was the target design flaw in the publication.  The most common deficiencies 
found in older RC columns that have caused failure at low displacement ductility are low 
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shear strength (shear), insufficient confinement of the column core (confinement), and 
short length of lap-splices within the plastic hinge region (lap-splice). Similar RC 
columns will have a different as built and retrofitted behavior depending on the initial 
deficiency.  
 
(a)  (b) 
Figure 4-3  Classification of columns in database 
As mentioned above, the database includes different columns details. Table 4-1 
and Table 4-2 show the maximum and minimum values for different column parameters. 
The parameters presented in these tables are spacing of transverse reinforcement (s) 
normalized by effective depth to the tension force resultant, d, assumed equal to 0.8 dc; 
axial load ratio, defined as the axial load divided by the nominal compressive strength of 
the concrete (f’c) and the gross cross-sectional area (Ag); type of jacket used to retrofit 
each column (steel or FRP); the ratio between shear at flexural plastic hinging (Vo) and 
nominal shear strength (Vn).  Nominal shear capacity was calculated using the shear Eq. 
3-1 (Priestly et al. 1994) at a displacement ductility of 8 which is the average 
displacement ductility the tests in the database reached. The shear strength corresponding 
to the formation of a flexural plastic hinges was calculated using a moment-curvature 
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analysis that incorporates the Mander et al. (1989) confinement model for concrete in 
compression. The nominal shear strength (Vn) did not include the contribution of the 
jacket in Table 4-1and Table 4-2 because this ratio is used to reflect the capacity of the 
as-built column to resist shear forces developed through the length of the column; the 
contribution of the jacket to shear strength will be also included for the database. 
Table 4-1 Database maximum and minimum parameters for circular columns 
Steel Jackets 
Circular 
FRP Jackets 
Circular 
No. of columns 11 23 
Max Min Max Min 
Diameter (in) 29.90 24.00 24.00 9.50 
Height (in) 144.00 72.00 144.00 37.50 
f'c (psi) 5800 3698 6500 2590 
P/Agf'c 0.19 0.05 0.18 0.05 
ρ(%) 2.53 0.01 2.69 1.92 
s/d 0.26 0.21 1.01 0.21 
ρv(%) 0.17 0.07 2.50 0.08 
Vo/Vn 1.66 0.48 1.38 0.27 
Table 4-2 Database maximum and minimum parameters for rectangular columns 
Steel Jackets 
Rectangular 
FRP Jackets 
Rectangular 
No. of columns 21 61 
Max Min Max Min 
bc (in) 36.00 10.00 24.00 5.91 
hc (in) 36.00 10.00 28.74 7.87 
hc/bc 2.00 0.50 2.00 1.00 
Height (in) 144.00 40.00 144.02 39.37 
f'c (psi) 8702 2565 6802 1305 
P/Agf'c 0.32 0.00 0.56 0.05 
ρ(%) 2.57 1.95 6.16 1.70 
s/d 1.25 0.25 1.07 0.18 
ρv(%) 0.57 0.08 0.89 0.08 
Vo/Vn 1.73 0.36 3.58 0.71 
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These parameters show some insight in the possible response of the RC column. 
Closely spaced transverse reinforcement increases curvature ductility of columns by 
controlling buckling of longitudinal reinforcement after inelastic load reversals and by 
providing confinement of the concrete core.  To ensure ductile behavior of columns, ACI 
318-11 section 21.5.3.1 specifies a maximum spacing of d/4 within the plastic hinge 
region of columns of special moment frames.   Axial load ratio (P/Agf’c) affects column 
behavior and may accentuate some of the deficiencies encountered in older columns 
discussed in Chapter 2. Columns subjected to high axial load ratios (P/Agf’c > 0.15) and 
lateral loads, have an amplified bending moment through P-Δ effects that causes earlier 
crushing of concrete core. On the other hand, columns with low levels of axial load 
(P/Agf’c ≤ 0.15) have more tension on the longitudinal bars, having then an earlier yield 
and when spliced can be prone to longitudinal bar slip for the same lateral load.  
For the purposes of this research, short lap splices refer to splices of the 
longitudinal reinforcement in the column within the plastic region of only 20 to 24 
longitudinal bar diameters (db). These lengths have been found to be insufficient to avoid 
bar slippage when a column is subjected to inelastic load reversals.  In older columns, 
splices were usually located at the connection between foundation and columns and/or 
above floors for ease of construction. For ductile behavior of columns splices must be 
located away from potential location of inelastic action (plastic hinges).  Therefore, 
modern seismic codes (ACI 318-11 21.5.2.3) require that longitudinal bar splices in 
columns not be located within joints, two times the depth of the column from the face of 
the joint and any other place where the analysis suggest that there will be flexural 
yielding.  Furthermore, splices need to be sized to transfer tension forces in the presence 
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of cyclic loading and contain closely spaced transverse reinforcement through the splice 
length to prevent splitting crack propagation caused by movement of the spliced bars. 
Widely spaced transverse (e.g. 305 mm (12 in)) reinforcement and/or 
inadequately sized bars may cause columns to have low shear strength.  Shear critical 
columns are those that fail in shear at low displacement ductilities prior to developing the 
plastic hinge capacity of the column (Vo > Vn , μΔ < 2). Ductile shear design of columns 
in seismic regions should therefore be done with consideration of the flexural strength of 
the column to ensure that plastic hinging can occur and that the capacity of the column 
can be maintained.  
Other details such as poor seismic detailing of hoops ending in 90° hooks can also 
lead to inadequate confinement after concrete cover spalls at moderate displacement 
demands. In ductile frames the hoops/stirrups spacing is limited within different regions 
of the column to ensure the required deformation capacity. Other details such as 135° 
hooks are added to keep confining the concrete core even after the column loses its clear 
cover.  
4.3. Construction of Backbone Curves from Experimental Hysteresis Curves 
Backbone curves give insight in the column behavior. This section will cover how 
these backbone curves were extracted from hysteretic curves.  
The behavior from test in the literature was recorded as hysteretic force 
deformation curves. From these hysteretic curves backbone (envelope) curves were 
constructed by digitizing data from the figures of hysteresis in the original test references. 
The backbone curves are constructed by the force and displacement measured during the 
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first cycle at each displacement level. In some cases authors directly reported backbone 
curves; these plots were digitized to obtain the force-deformation relationships instead of 
extracting them from hysteresis curves. Generation of a backbone curve from the 
hysteresis response of one column in the database is illustrated in Figure 4-4. As shown 
in Table 4-1 and Table 4-2 the columns in the database have different geometry which 
changes the scale of the results. To allow comparison among columns with different 
geometric characteristics, reinforcement contents, and different material properties, the 
backbone curves were normalized by dividing all force values by the force at yield of 
each individual column and the lateral deflections were normalized as drifts by dividing 
the column deformation by the column height (/H). 
 
Figure 4-4  Backbone curve generated from experimental data 
From the backbone curves, key points were extracted. The key points are those 
mostly used in design of new columns or in assessment of existing columns such as those 
presented in the ACI 369R-11 and ASCE/SEI 41-13. These points are the yield strength 
and corresponding deformation, peak strength, plastic deformation (a), deformation from 
yield to loss of axial carrying capacity (b), residual strength (c) and maximum 
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deformation. To obtain these values in a consistent manner a set of rules was created and 
is described below for each value.  
The yield force and yield deformation of a RC column is defined analytically as 
the point at which the tension reinforcement located farthest from the neutral axis reaches 
its yield strain (first column yield). This value is reported by some researchers who 
instrumented the reinforcement in the test columns with strain gauges. This is not so in 
many of the columns in the database and therefore will not provide values of yield in a 
consistent manner. To have a general definition of yield for all columns in the database, 
the force and deformation at yield (Vy, Δy) were defined at the point in the measured 
force-deformation curve directly below the intersection of two secant lines. The first line 
was drawn through the origin using the same slope as the initial part of the force-
deformation curve. The second line is dependent on the drift at peak. For columns that 
exhibited peak strength at a drift less than 2% thereby limiting the increase in lateral 
force after yielding, Vy was defined as 0.8Vpeak. Alternately for columns that were able to 
develop a high increase in lateral force after yield (peak strength at drifts exceeding 3%), 
Vy was defined as 0.7 Vpeak. This procedure ensured that the Vy was near the end of the 
linear region in the force-deformation curve. The coordinates at peak force (VPeak, ΔPeak) 
were determined by using the average of the peaks measured in the positive and negative 
directions of loading.  The residual force (Vres also known as parameter c in ASCE/SEI 
41-13) and maximum displacement (Δmax) are not frequently reported in the literature. 
Experiments were often stopped when the column strength dropped below 80% of the 
peak force. Therefore Vres was defined as the fraction representing 20% of the peak force 
(Vpeak), and max was defined conservatively as the maximum displacement reported for 
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each tested column.  It is clear that the majority of the columns would still be able to 
undergo larger displacement since the majority of the tests did not reach the columns 
maximum deformation or even to a point of significant strength degradation. Furthermore 
some tests were stopped due to a limit on the testing equipment and not the column 
strength. Figure 4-7 shows an example of how these parameters were obtained starting 
from a hysteretic curve. Figure 4-5 shows the force-deformation relationship of jacketed 
columns from the database using the mean values for yield, peak and residual 
coordinates. 
 
 
Figure 4-5  Mean force-deformation relationship of jacketed columns from database 
As mentioned ACI 369R-11 presents specific parameters for new and existing RC 
columns. ACI 369R-11 Report, which is based on the ASCE/SEI 41-06, is a guide 
developed to describe methods to estimate the seismic performance of new and existing 
RC elements. This guide also includes recommendations for non-linear modeling 
parameters and acceptance criteria for RC columns (ACI 369R-11 section C4.2.2.2). The 
parameters are used to define backbone curves that can be used in nonlinear analysis of 
structures.  The modeling parameters, defined in ACI 369R-11 as a, b and c, describe the 
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plastic deformation and residual strength characteristics of a RC column as shown in 
Figure 4-6. These parameters were determined as mean backbone curves obtained from a 
large number of RC column experiments (Elwood et al. 2007). The selection of the 
modeling parameters depends on the axial load, the transverse reinforcement ratio, the 
shear force calculated using a non-linear static procedure or non-linear dynamic 
procedure on the column divided by ܾ௖݀ඥ ௖݂ᇱ , and the shear demand at flexural yielding 
of the plastic hinges to shear strength ratio (Vo/Vn). In this case the shear strength (Vn) is 
calculated using Eq 4-1 (MPa units) which is presented in ACI 369R-11 section 4.2.3.1. 
Other factors that influence the non-linear parameter selection are: the presence of short 
lap-splices and the use of 90° hooks rather than 135°. Table 4-3 shows an excerpt of the 
original table presented in ACI 369R-11 section C4.2.2.2, corresponding to columns that 
fall into conditions i and ii.  Contition i are columns that are expected to have a flexure 
failure; Condition ii are columns that are expected to have a flexure-shear failure, where 
there might be some yielding of the longitudinal bars before a shear failure; Condition iii 
are columns that are expected to have a shear failure and Condition iv are columns that 
are expected to have a lap-splice failure. 
 ௡ܸ = k ቌ
Aୱ୦ ௬݂݀
ݏ
+ ߣ ቌ
0.5ඥ ௖݂ᇱ
ܯ
ܸ݀
ඨ1 +
ܲ
0.5ඥ ௖݂ᇱܣ௚
ቍ 0.8ܣ௚ቍ Eq. 4-1 
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Figure 4-6 Simplified backbone curves 
Table 4-3 Section of the table for modeling parameters of reinforced concrete columns 
according to ACI 369R-11 
Conditions 
Modeling Parameters 
Plastic Rotations angle, radians 
a b c 
Condition i 
 ௉
஺೒௙೎ᇲ
 ߩ௩ =
஺ೞ೓
௕೎௦
       
≤ 0.1 ≥ 0.006   0.035 0.060 0.2 
≥ 0.6 ≥ 0.006   0.010 0.010 0 
≤ 0.1 = 0.002   0.027 0.034 0.2 
≥ 0.6 = 0.002   0.005 0.005 0 
Condition ii 
 ௉
஺೒௙೎ᇲ
  ߩ௩ =
஺ೞ೓
௕೎௦
  
௏
௕೎ௗට௙೎ᇲ
  
      
≤ 0.1 ≥ 0.006 ≤ 3(0.25) 0.032 0.060 0.2 
≤ 0.1 ≥ 0.006 ≥ 6(0.5) 0.025 0.060 0.2 
≥ 0.6 ≥ 0.006 ≤ 3(0.25) 0.010 0.010 0 
≥ 0.6 ≥ 0.006 ≥ 6(0.5) 0.008 0.008 0 
≤ 0.1 ≤ 0.0005 ≤ 3(0.25) 0.012 0.012 0.2 
≤ 0.1 ≤ 0.0005 ≥ 6(0.5) 0.006 0.006 0.2 
≥ 0.6 ≤ 0.0005 ≤ 3(0.25) 0.004 0.004 0 
≥ 0.6 ≤ 0.0005 ≥ 6(0.5) 0.0 0.0 0 
 
The modeling parameters have not been established for jacketed columns. For this 
the definitions of nonlinear modeling parameters (a, b, and c) in ACI 369R-11 were used, 
Parameter a
Parameter b
Drift 
(/H)
Force 
(V)
Vy
0.8Vpeak
Vresidual
ASCE/SEI 41-13 
curve
Backbone 
from tests
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wherever possible, to construct the simplified backbone curves of jacketed columns using 
the jacketed column database collected for this research. The procedure to obtain 
parameters from backbone curves of retrofitted columns in the database followed the 
procedures indicated in ASCE/SEI 41-06. Parameter a is defined in ASCE/SEI 41-06 as 
the difference between the deformation at lateral strength degradation of 20% and the 
deformation at yield (Figure 4-7).  In some tests the columns were not tested to cause 
20% strength degradation.  In these cases parameter a was defined using the maximum 
deformation imposed during the test.  Parameter b is defined in ASCE/SEI 41-06 as the 
deformation corresponding to loss of axial capacity, accompanied by a significant drop in 
lateral-load strength. Most of the jacketed columns were not tested to this level of 
strength degradation, so parameter b was determined as the deformation corresponding to 
a degradation of 25% from the peak lateral load, Vpeak. In cases where columns did not 
exhibit a strength degradation level of 20% or more, parameter b could not be 
determined. Furthermore jacketed columns usually exhibit a slow degradation to the point 
of loss of axial carrying capacity and therefore the simplified backbone curve will be 
used following the dashed line shown in Figure 4-6. These parameters are discussed 
further in Chapter 6 which performs an analysis to determine possible parameters for 
jacketed columns.  
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(a) (b) 
Figure 4-7 Simplified backbone curve obtained from measured hysteretic response: (a) 
hysteresis curve with superimposed backbone (b) simplified nonlinear backbone curve 
and nonlinear parameters 
Figure 4-8 shows a typical backbone curve where the specific a and b non-linear 
parameters are illustrated, and 
Figure 4-9 shows the mean parameters obtained from all retrofitted columns in the 
database according to jacketing material and cross-sectional shape. The parameters a, b 
and c from individual columns in the database are presented in the Appendix B.  
 
 Figure 4-8 Extracted a and b modeling parameters from an experimental backbone curve 
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Figure 4-9 Mean a and b non-linear parameters 
4.3.1.1.Observations about experimental backbones 
After obtaining the simplified backbone curves as well as the non-linear modeling 
parameters from all the columns in the database some characteristics were observed that 
are summarized here:.  
- A noticeable enhancement in ductility, even with the simplest jacket retrofit 
(one FRP layer), was achieved.  
- Most column had unique steel and jacket detailing that was not found in any 
other specimen  
- The parameters a and b for jacketed columns often exceeded the maximum 
value presented in Table 4-3 (0.035 and 0.06 for parameter a and b 
respectively) of the plastic angle for columns on Condition i.  
- Most jacketed columns did not degrade 20% or more of their peak strength 
which mean that the value a and b could be underestimated.  
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- For some backbones, the values for maximum drift in the positive and 
negative direction varied significantly.  
- Jacketed columns with steel material have less pinching than columns with 
FRP material 
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CHAPER 5 
 BACKBONE CURVES CONSTRUCTED BASED ON JACKET DESIGN 
Chapter 3 presented some of the models to calculate the contribution of jackets to 
shear strength and confinement pressure. Chapter 4 describes a database of jacketed 
columns and their key parameters obtained from experimental testing. There is a need to 
develop guidelines that provide a simple and reliable procedure to calculate the key 
backbone parameters identified  in Chapter 4.  These calculated parameters must be able 
to accurately describe the expected backbone behavior of a jacketed column.  For this 
purpose, the models presented in Chapter 3 will be used along with recommendations on 
the assumptions needed for their application to determine backbone parameters. This 
chapter particularly focuses on recommendations to determine the yield, peak strength 
and deformations to several levels for jacketed columns. Because of lack of accurate 
deformation models that integrate multiple materials (concrete columns jacketed with 
different materials), lateral deformations at these key points (yield and ultimate) will be 
based on results collected experimentally that are included in the column database. The 
ACI 369R-11 Guide is commonly used to determine non-linear modeling parameters of 
existing columns as part of seismic retrofit projects. In this chapter the non-linear 
modeling parameters of columns obtained using ACI 369R-11 will be compared with 
parameters obtained from the jacketed column database and establish modifications 
needed for use of ACI 369R-11 tabulated values in jacketed columns.  
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5.1. Calculation of Yield and Ultimate Moments of Jacketed Columns 
 Yield and ultimate moments are key to the design of structural elements. Cross-
sectional models are typically used to estimate these values. Cross-sectional strength is 
calculated in practice using fiber models wherein the cross section is divided into fibers 
and, for a given curvature of the cross section, the force in each fiber is calculated using 
the corresponding uniaxial material stress-strain behavior.  The model works establishing 
equilibrium of internal forces while obtaining a neutral axis. Once the neutral axis depth 
in the cross section is established the forces in these fibers are used to calculate the 
internal moment developed by the cross section. The main purpose of the techniques 
described in this section was to develop a methodology that could be implemented into 
existing software that is used to compute the sectional strength of reinforced concrete 
(RC) columns containing internal reinforcement only. 
Yield and ultimate moments of a jacketed column cross section is affected by presence of 
jacketing.  Column jacketing develops confining stresses in the concrete that have the 
effect of increasing the ultimate stress and ultimate strain of concrete.  These confining 
stresses also provide a clamping effect to reinforcing bar splices that may be located in 
the column at the level where the cross section is taken. To estimate yield moment and 
flexural strength of the cross section, a model that computes the confining pressure 
provided by the jacket and equates it to an equivalent quantity of internal transverse 
reinforcement was used.  Models that capture concrete confining effects provided by 
internal transverse reinforcement (hoops) are widely available and currently implemented 
in available software such as Mander et al. (1988), Hoshikuma et al. (1997) and Madas 
and Elnasha (1991).  In this research, the model developed by Mander et al. (1988) was 
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used to estimate transverse reinforcing confining effects.  The confining pressure 
generated by the external jackets computed from equations presented in section 3.2.2 was 
used to determine an equivalent quantity of internal hoops that would provide the same 
magnitude of confining pressure in the concrete (see  
Figure 5-1 and  
Figure 5-2 for circular and rectangular columns, respectively). 
 
Figure 5-1 Circular jacketed column equivalent hoop spacing 's' 
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Figure 5-2 Rectangular jacketed column equivalent hoop spacing 's' 
 The Mander et al. (1988) model uses transverse reinforcement as well as 
commercial software to calculate the confining pressure. The confining pressure 
generated by internal transverse reinforcement following Mander et al. (1988) model for 
circular columns can be calculate with Eq. 5-1 and physically shown in Figure 5-3: 
 
Figure 5-3 Confinement of concrete by circular hoops 
 ௟݂ᇱ =
1
2
 ݇௘  ߩ௩  ௬݂ Eq. 5-1 
 
In which ߩ௩ is: 
 ߩ௩ =
4(ܣ௧௥)
ܦ′ ݏ
 Eq. 5-2 
D’ is the diameter of the internal hoops shown in Figure 5-4. ݇௘ is an confinement 
efficiency factor that accounts for areas of concrete that are not confined along the length 
of the column as shown in Figure 5-4 and can be calculated using the following equation 
for circular columns with circular hoops: 
 
݇௘ =
൬1 − ݏ
ᇱ
2 ܦ′ ൰
ଶ
1 − ߩ௦
 
Eq. 5-3 
71 
 
 
 
Figure 5-4 Circular column effective confined area 
ߩ௦ is the longitudinal steel ratio calculated using the following equation: 
 ߩ௦ =
ܣ௦
ܣ௖
 Eq. 5-4 
ܣ௖ is the gross area of the concrete section, which for jacketed columns, calculated using 
the following equation for circular cross sections. 
 ܣ௖ =
ܦଶ ߨ
4
 Eq. 5-5 
ݏ is the distance between centerline of transverse reinforcement, but the Mander et al. 
(1988) model uses the clear spacing between transverse reinforcement (ݏᇱ) and therefore 
must add a bar diameter: 
 ݏ = ݏᇱ + ݀௕ Eq. 5-6 
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Figure 5-5 Confinement dimensions of jacketed column vs internal reinforcement 
To use Eq. 5-1 to calculate the jacket contribution as show in  
Figure 5-1 some modifications must be done to Mander et al. (1988). The confining 
stresses are developed on the jacket and not on the rebar as shown in Figure 5-3 for 
transverse reinforcement; therefore the strength fy must be that of the jacket material. 
Jackets are applied externally, because of this D’ will be equal to the jacketed column full 
diameter. Rectangular columns may have a different side dimensions and different 
longitudinal and transverse reinforcement arrangement depending on the loading 
direction resulting in different concrete confining stresses in each direction (Figure 5-6). 
Figure 5-6 shows the physical representation of the confining stresses in the y direction.  
The effective confining stress provided by internal transverse reinforcement in the x and y 
directions of a rectangular column is given by (Mander et al. 1988) Eq. 5-7 and Eq. 5-8:    
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Figure 5-6 Confined area of a rectangular cross section 
 ௟݂௫ = ݇௘ߩ௫ ௬݂௛  Eq. 5-7 
 
 ௟݂௬ = ݇௘ߩ௬ ௬݂௛  Eq. 5-8 
 
where x and y represent the transverse reinforcement content in the x (Atr-x/s·dc) and y 
(Atr-y/s·bc) directions, respectively; fyh is the yield stress of transverse hoops; and ke is an 
effectiveness factor to account for unconfined concrete zones in the vertical direction 
between hoops and in the horizontal direction between longitudinal reinforcing bar 
positions (Figure 5-7).  This effectiveness factor may be estimated using:  
 ݇௘ = ܾ௖ ݀௖  ቆ1 −
∑ ݓ௜ଶ
6 ܾ௖ ݀௖
ቇ ቆ1 −
ݏ ′
2 ܾ௖
ቇ ቆ1 −
ݏ ′
2 ݀௖
ቇ Eq. 5-9 
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Figure 5-7 Rectangular columns effectively confined area 
where bc and dc are the width and depth of the confined area as shown in Figure 5-7.  The 
term Σwi2 is used to evaluate the reduction in confinement efficiency between 
longitudinal bars of the confined core as well as the reduction between transverse 
reinforcement.   
 
Figure 5-8 Confinement dimensions of jacketed columns vs internal reinforcement 
Rectangular jackets, without anchors, only restrain the column corners, as shown 
in Figure 5-8, therefore the length of each side of the column cross-section is used to 
75 
 
estimate the ∑wi2, resulting in a value equal to 2 ܾ௖ଶ + 2 ݀௖ଶ.  Substituting this value into 
equation Eq. 5-9: 
 ݇௘ = ܾ௖ ݀௖  ቆ1 −
2 ܾ௖ଶ + 2 ݀௖ଶ
6 ܾ௖ ݀௖
ቇ ቆ1 −
ݏ ′
2 ܾ௖
ቇ ቆ1 −
ݏ ′
2 ݀௖
ቇ Eq. 5-10 
 
To obtain an equivalent transverse reinforcement for jacketed circular or 
rectangular columns, the confining pressure provided by the jacket ( fl ) needs to be 
obtained first. This confining pressure can be obtained with the models shown in section 
3.2.2, which describes the models for different column geometry and jacket material. 
Once the jacket confining pressure acting on the concrete is estimated, the equations were 
solved for an equivalent hoop spacing (s) using the Mander et al. (1988) confinement 
model as shown below. 
௟݂
ᇱ(݆ܽܿ݇݁ݐ) = ௟݂ᇱ(݁ݍݑ݅ݒ݈ܽ݁݊ݐ ݐݎܽ݊ݏݒ݁ݎݏ݁ ݎ݂݁݅݊݋ݎܿ݁݉݁݊ݐ) → ݏ 
These equations have two unknowns, the area of the equivalent transverse 
reinforcement and the spacing. The area of the equivalent transverse reinforcement can 
be assumed as any size, since this approach is trying to equate the confining pressure and 
not the specific physical appearance. This study used No. 10M (Ash=71 mm2; #3 
Ash=0.11 in2) equivalent hoop size. 
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Figure 5-9 Plastic hinge region of in frame columns 
Because jackets are applied on the column surface, confined concrete properties 
were assumed throughout the entire cross section to compute the moment-curvature 
response.  It was assumed that the response of each column was governed by flexure (no 
shear failure) and the sectional behavior within the plastic hinge region as shown in 
Figure 5-9. Using these assumptions, the moment-curvature response was calculated for 
each jacketed column in the database. 
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Columns which contain spliced longitudinal reinforcement in the plastic hinge 
region were treated slightly differently; particularly those with short splice lengths.  Older 
columns that typically contain short lap splice lengths (lb), even after jacketing are not 
able to develop the full strength of the longitudinal bars if the section is confined only 
using external jacketing. In order get accurate results, the stress that longitudinal 
reinforcement could develop was artificially reduced to be consistent with the maximum 
force that could be developed in the reinforcement at the onset of splice failure. A 
reduction to the yield stress of the longitudinal reinforcement as a function of lap length 
as proposed by Cho and Pincheira (2006) was used to take into account a splice length 
shorter than the development length (ld) corresponding to reinforcing bar yielding. In 
equation 5-11 the design development length is decreased using a factor of 0.8, because 
development length equations in ACI 318-11 section 12.2 already contain a safety factor 
of 1.25. The relation between reinforcing bar stress developed as a function of lap splice 
length is not linear as indicated by the 2/3 power affecting the normalized lap length term 
in (Eq. 5-11). 
 
௦݂ = ൬
lୠ
0.8݈ௗ
൰
ଶ/ଷ
௬݂ Eq. 5-11 
By replacing the confining effect properties of a jacketed column with equivalent 
confining of internal transverse reinforcement, the moment-curvature analysis of the 
cross section can be calculated easily using commercial software. Because the jackets are 
applied externally the entire section of the column is assumed as confined as shown in 
Figure 5-10.  This was practically achieved by specifying a concrete cover outside of the 
reinforcement equal to zero. 
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Figure 5-10 also shows the other uniaxial stress-strain properties that make up the 
column cross section. The steel material in the section will depend on the presence of lap 
splices. The concrete will be treated as confined through the entire cross section as shown 
in Figure 5-10 in grey. The jacket on the other hand does not contribute directly in the 
sectional analysis like the transverse reinforcement in unjacketed RC columns. Steel 
jacket although isotropic have gaps at the bottom and top of the column (to avoid prying) 
this seems to prevent the jacket from developing significant stresses in the longitudinal 
direction and therefore are excluded from the sectional analysis. FRP material jackets 
provide strength depending on the orientations of the fibers, which for columns is usually 
transverse direction which doesn’t allow for a significant contribution in the longitudinal 
direction. In studies in which the fibers were oriented in both directions the column didn’t 
a significant difference when compared to the fibers oriented in one direction (see Galal 
et al. 2005). With this it was concluded that the contribution of the jacket to the 
longitudinal direction can be neglected.  
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Figure 5-11 shows results from moment-curvature analyses of a jacketed column 
with FRP material. From these curve, the peak moment capacity and the yield moment of 
jacketed columns were obtained as illustrated in the  
Figure 5-11. The moment capacity can be related with the shear capacity 
assuming a model such as the one presented in Figure 5-9. 
 
Figure 5-10 Assumed uniaxial stress-strain models 
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Figure 5-11 Jacketed column moment curvature analysis 
 
 
(a) Yield: circular columns 
 
(b) Yield: rectangular columns 
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(c) Peak: circular columns 
 
(d) Peak: rectangular columns 
Figure 5-12 Comparison between calculated and experimental jacketed column strength: 
(a) and (b) shear at yield; (c) and (d) shear at peak strength 
Table 5-1 Comparison of circular column data by jacketing type 
Circular Columns 
Columns with Steel Jackets Columns with FRP Jackets 
Lap Splice Shear Confinement Lap Splice Shear Confinement 
  Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD 
Vy calc/Vy test - - 0.95 0.02 1.17 0.11 1.43 0.33 1.24 0.06 - - 
Vpeak calc/Vpeak test - - 0.98 0.04 1.13 0.17 1.23 0.24 0.99 0.03 - - 
Table 5-2 Comparison of rectangular column data by jacketing type  
Rectangular 
Columns 
Columns with Steel Jackets Columns with FRP Jackets 
Lap Splice Shear Confinement Lap Splice Shear Confinement 
  Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD 
Vy calc/Vy test 1.33 0.25 0.95 0.04 1.47 0.43 2.17 0.73 1.39 0.19 1.24 0.24 
Vpeak/Vpeak test 1.09 0.15 0.98 0.04 1.30 0.17 1.23 0.12 1.09 0.16 1.11 0.24 
Table 5-3 Overall summary of statistical data for all columns in database  
Columns with Steel Jackets Columns with FRP Jackets 
Vy calc/Vy 
test 
Vpeak calc/Vpeak 
test 
Vy calc/Vy 
test 
Vpeak calc/Vpeak 
test 
All Circular Specimens 
Mean 1.09 1.08 1.38 1.16 
STD 0.14 0.15 0.30 0.23 
All Rectangular Specimens 
Mean 1.25 1.12 1.56 1.14 
STD 0.35 0.18 0.61 0.20 
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As shown in Figure 5-12 for the majority of the columns in the database, the 
discrepancy between calculated and measured values at yield and peak do not exceed 
10%. Given the simple sectional model used, a difference of 10% in calculated and 
measured shear strength at yield and peak is considered adequate given the large 
variations in jacketing configurations between testing programs and the diverse 
deficiencies that the original columns contained.  
There are certain features that are not captured when jacketed columns are 
modeled using a fiber model.  Differences in behavior induced by cyclic loading are not 
captured because the stress-strain relations in the fiber models used are based on 
monotonic loading.  Furthermore, effects of column aspect ratio (height-to-width ratio) 
on behavior are not adequately represented by this type of modeling, particularly in short 
columns. Figure 5-13 illustrates a case where the column failed while being loaded in the 
negative direction after being loaded into the inelastic range in the positive direction. 
Some columns in the database were damaged to a certain degree prior to jacketing which 
changed the behavior when compared with the undamaged columns. The original damage 
within the concrete core cannot be accounted using this model. A possible retrofit 
strategy for a deficient concrete column is to apply jacketing only within the plastic hinge 
region or throughout the length of spliced bars. When a partial jacket is applied, failure of 
the column may occur outside the retrofitted region. In particular, sectional properties of 
columns retrofitted using steel jackets may change importantly causing an increase in 
local stiffness that may cause a shift in the plastic hinge region.  Nonlinear action in the 
column could concentrate in the region of the column just outside the retrofitted location. 
For columns retrofitted using FRP jackets, it is common to use different layers of FRP 
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sheets along the column height.  For these columns the initial response was able to be 
predicted up to a drift between 1.5 to 2.5%; after these drifts, the capacity was observed 
to decrease.  In the case of partially jacketed columns, the column backbone, although 
ductile, may have an early peak followed by a negative slope as the columns were loaded 
to large displacements. These limitations can account for some of the discrepancies 
between calculated and experimental values. 
   
Figure 5-13 Rectanguar column with early failure on one side (R6R) 
 
The limitations of the proposed model for jacketed models may be summarized as 
follows: 
- The model does not capture shear failure. Jacketed RC columns in the 
database had flexural failures in almost all cases. The yield and peak strength 
of the column are estimated assuming plastic hinges developed in the column. 
The column must be able to withstand shear forces developed after hinges 
form at top and bottom of the columns. 
- The model assumes no slip along spliced reinforcement. Even after jacketing, 
splices may have a certain degree of slip.  Although slip is not implemented 
directly in the model, reduced yield strength of the longitudinal spliced 
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reinforcement was used to estimate the force developed in spliced bars.  
However, the peak strength of columns with spliced reinforcement may be 
developed at a low displacement ductility (μΔ ≤ 2), a condition not captured by 
the proposed modeling approach. 
- The model was unable to capture the residual strength of columns at large 
displacements.  The experimental database of jacketed columns lacked 
information related to this level of strength degradation; therefore models to 
estimate this value could not be calibrated.  Recent tests of columns with 
code-conforming (ACI 318-11) transverse reinforcement are able to maintain 
20% of their lateral strength at large displacements.  Laboratory tests of 
jacketed columns were typically stopped before significant column strength 
degradation had occurred.  For this research, it was assumed that the residual 
strength of jacketed columns would be similar to that of a well-confined 
concrete column.  
- The model does not capture effects of cyclic loading since the stress-strain 
models used were developed for monotonic loading. 
- The effects of Pre-existing damage in columns are also not included in the 
model. The behavior of columns with pre-existing damage will vary 
depending on the amount of damage. 
5.2. Non-Linear Deformation Parameter Of Jacketed Columns 
This section presents the procedure that was followed to propose non-linear deformation 
parameters for jacketed column specifically columns jacketed made with FRP or steel. 
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These columns have different test arrangements, test materials and steel detailing to 
replicate columns with specific deficiencies. The steel detailing replicated shear 
deficiency, insufficient confinement, short lap-splice in the columns and in some cases 
the columns were damaged to a pre-determined level prior to jacketing. These factors 
make the non-linear modeling parameters of the jacketed columns difficult to predict. 
This study will assess the deformations of the jacketed columns from a database to 
suggest deformations with different levels of uncertainty.  
5.2.1. Histograms And Statistical Properties Of Columns In Database 
The behavior of jacketed columns can be described by key parameters from the 
experimental backbones, as shown in Chapter 4. These parameters were extracted to 
construct a database of jacketed columns. The parameters extracted are yield, peak, 
maximum, a and b; these parameters are shown in  
Figure 5-14. Since the experimental tests had different arrangements and column 
sizes, the parameters were normalized as drift (Δ/ܪ). The deformation data was then 
divided by jacketing materials which is composed of 84 and 32 columns retrofitted with 
FRP and steel materials respectively. After obtaining the different parameters some 
concerns were noted regarding the maximum and parameter b. 
The non-linear modeling parameters were obtained following a consistent 
procedure. The procedure is explained in Chapter 4. The maximum drift and the 
parameter b are defined at the point where the column loses its axial carrying capacity; as 
it was observed that most columns did not reach loss of axial carrying capacity the 
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maximum drift and parameter b were excluded. Therefore, the parameters studied here 
are yield drift, peak drift and parameter a.  
These deformation parameters were then studied statistically to determine 
deformation values for existing columns. To do this some physical constraints were 
applied to the statistical analysis. The constraints considered are: 
- Deformations cannot be negative 
- Yield deformation is equal or lower than the deformation at peak (Δ௬ ≤ Δ௣). 
- The maximum possible deformation should not exceed 10% drift 
- The yield deformation should not exceed 2% drift 
 
Figure 5-14 Key deformation parameters 
Figure 5-15 shows the different histograms created from the parameters 
mentioned above. In Figure 5-15 the mean value isn’t clear visually and no apparent 
trend can be determined at this moment. From these results it can be observed that both 
jacketed systems produce similar deformation in jacketed RC columns with the exception 
of the peak deformation value. This can be seen in the mean values as well as the 
maximum and minimum values for each deformation.  
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Yield Drift 
(a) Steel-jacketed columns 
 
Yield Drift 
(b) FRP-jacketed columns 
 
Peak Drift 
(c) Steel-jacketed columns 
 
Peak Drift 
(d) FRP-jacketed columns 
 
Parameter a 
(e) Steel-jacketed columns 
 
Parameter a 
(f) FRP-jacketed columns 
Figure 5-15 Histograms from deformations parameters (yield, peak, a) 
With the physical constraints in mind, some columns deformations have yield 
deformations at the point where other columns have peak deformations. This can make 
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the peak and yield distributions at certain levels to overlap which would violate Δ௬ ≤ Δ௣. 
To avoid this, the deformation at peak will be analyzed as the difference between the 
deformations at peak and the deformation at yield. 
Peak-yield drift 
(a) Steel-jacketed columns 
Peak-yield drift 
(b) FRP-jacketed columns 
Figure 5-16 Peak - yield drift deformation histograms for jacketed columns 
The column database includes both circular and rectangular cross section shapes. 
Due to the limited amount of experimental data the study explored the possibility of 
joining the data of the two types of geometries, even though they are known to have 
different behavior. To evaluate this possibility the deformations statistical properties from 
both types of sections must have similar characteristics such as: mean, standard deviation 
(STD), and cumulative density functions curves. The Two-sample Kolmogorov-Smirnov 
goodness-of-fit hypothesis test (KS test) (Benjamin and Cornell 1970) was used to 
evaluate the two distributions using Eq. 5-12. In Eq. 5-12 ܨ௜,௡ refer to the data i 
cumulative density functions (CDF) and x is the different values of the data. This test 
uses the CDF both dataset that are compared and reports with at a prescribed level of 
confidence whether or not the data CDF have the same distribution (reports h = 1 to reject 
the hypothesis and h = 0 to accept the hypothesis on the prescribe level of confidence). 
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The results from these tests were plotted and are shown on Figure 5-17. In the Figure 
5-17 circ2rect refers to the comparison circular to rectangular columns CDF. The titles of 
the Figure 5-17 also show the results from the KS test.  
 ܦ௡,௡ᇱ = supหܨଵ,௡(ݔ) − ܨଶ,௡ᇲ(ݔ)ห , ݔ Eq. 5-12 
 
(a) FRP jacketed columns (h = 0) (b) Steel jacketed columns (h = 0) 
(c) FRP jacketed columns (h = 1) (d) Steel jacketed columns (h = 1) 
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(e) FRP jacketed columns (h = 1) (f) Steel jacketed columns (h = 0) 
Figure 5-17 Empirical CDF comparison between circular and rectangular columns 
retrofitted with steel or FRP 
The KS test shown above accepted the null hypothesis with a 95% probability for 
yield deformation of both jacketing materials and a parameter for steel jacketed columns 
while peak to yield deformations and a parameter of FRP jacketed columns was rejected 
at probability values up to 90%. Furthermore, after an additional visual inspection of the 
CDF at the different deformations levels it was concluded that for yield, the circular and 
rectangular data can be used together but the other deformations need to be studied 
separately.  
Below I present the histograms at the determined levels for deformations with 
their respective means and standard deviations. As shown in Figure 5-18 histograms, 
there is a limited amount of data for both jacketing materials.  
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Yield Drift 
(a) FRP jacketed column (mean = 0.00592; 
std = 0.00402) 
 
Yield Drift 
(b) Steel jacketed column (mean = 0.0058; std 
= 0.00301) 
 
Peak-Yield Drift 
(c) FRP jacketed circular column (mean = 
0.032; std = 0.0133) 
 
Peak-Yield Drift 
(d) FRP jacketed rectangular column (mean = 
0.0161; std = 0.00882) 
 
Peak-Yield Drift 
(e) FRP jacketed circular column (mean = 
0.035; std = 0.0154) 
 
Peak-Yield Drift 
(f) FRP jacketed rectangular column (mean = 
0.0248; std = 0.00743) 
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Parameter a 
(g) FRP jacketed circular column (mean = 
0.0493; std = 0.019) 
 
Parameter a 
(h) FRP jacketed circular column (mean = 
0.0337; std = 0.0137) 
 
Parameter a 
(i) Steel jacketed circular column (mean = 
0.043; std = 0.012) 
 
Parameter a 
(j) Steel jacketed circular column (mean = 
0.0404; std = 0.018) 
Figure 5-18 Histograms at different levels of deformations 
Before determining the statistical parameters of the data the study evaluated the 
possibility of a dependency between the yield, yield to peak and parameter a. This was 
determined by the use of the correlation value. The correlation values were calculated 
using the Pearson product-moment correlation coefficient (Eq. 5-13). The correlation is 
visually studied by looking at scatter plots (Figure 5-20) of both values. The Eq. 5-13 is 
widely referred as corr(X,Y) and uses both data sets covariance (cov) and standard 
deviation to estimate a population correlation coefficient (ρ). The correlation coefficient 
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value varies between -1 to 1, ±1 being direct positive or direct negative correlation and 
zero means no correlation.  
 ߩ௑,௒ = ܿ݋ݎݎ(ܺ, ܻ) =
ܿ݋ݒ(ܺ, ܻ)
ߪ௑ߪ௒
 Eq. 5-13 
 
 
(a) Circular FRP-jacketed columns 
 
(b) Rectangular FRP-jacketed columns 
 
(c) Circular Steel-jacketed columns 
 
(d) Rectangular Steel-jacketed columns  
Figure 5-19 Correlation scatter plots between yield drift and yield to peak deformation 
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(a) Circular FRP-jacketed columns  (b) Rectangular FRP-jacketed columns 
 
(c) Circular Steel-jacketed columns 
 
(d) Rectangular Steel-jacketed columns 
Figure 5-20 Correlation scatter plots between yield drift and parameter a 
By observing the correlations between each deformation level; the results were 
low, inconsistent and did not show any visual correlation. With these results the different 
levels of deformation will be assumed to be independent.  
5.2.2. Matching Data To A Distribution 
With the deformations divided, statistical approximations can be studied and 
estimated. To this moment the amount of data in the database is not enough to make 
conclusions; by applying known distributions the study was able to determine 
probabilities of exceedance for the low amount of data. To match statistical distribution 
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both the probability density function (PDF) and cumulative density function (CDF) 
should match the data (visually). Since the PDF doesn’t match any of the data, the 
matching will depend on the CDF. Matching the CDF provides confidence in the chosen 
distribution.  
The following 3 statistical distributions were tested (Boucher 2009): 
1. Log-Normal - ܨݔ(ݔ; ߤ, ݏ) = Φ ቀ୪୬ (௫ିఓ)
௦
ቁ  for ݔ > 0 
2. Weibull - ܨݔ(ݔ; ݇, ߤ) = 1 − ݁ିቀ
ೣ
ഋቁ
ೖ
 for ݔ ≥ 0 if ݔ < 0 then ܨݔ(ݔ; ݇, ߤ) = 0 
3. Rayleigh - ܨݔ(ݔ; ߤ) = 1 − ݁ି
ೣమ
మഋమ  for ݔ ≥ 0 
There are more types of distributions but these are in accordance with the physical 
constraints mentioned before. The different distributions fitting parameters relate the data 
to these distributions. The log-normal statistical distribution has two fitting parameters 
which are the mean (μ) and the parameter “s” which is related to the standard deviation of 
the normal distribution. Weibull have two fitting parameters, which are called shape 
factors, k is a shape parameter for the distribution and μ is a scaling parameter for the 
statistical distribution. Rayleigh distribution, also known as one parameter Weibull 
distribution, follows the same equation as Weibull but with the shape parameter k equal 
to two. Some of these parameters require extensive calculations; therefore these 
parameters were obtained using MATLAB & Simulink predefined functions. To compare 
the distributions the calculated parameters were used to plot the estimated distributions 
with the empirical data. The process was followed for the Log-normal, Weibull and 
Rayleigh distribution for all deformations. Figure 5-21 shows all the parameters with the 
estimated distributions. 
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(a) FRP-jacketed columns (b) Steel-jacketed columns 
(c) Circular FRP-jacketed columns (d) Rectangular FRP-jacketed columns 
(e) Circular Steel-jacketed columns (f) Rectangular Steel-jacketed columns 
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(g) Circular FRP-jacketed columns (h) Rectangular FRP-jacketed columns 
(i) Circular Steel-jacketed columns (j) Rectangular Steel-jacketed columns 
Figure 5-21 Distribution comparisons with a values data 
After observing individual figures that compared the different data to the 
distributions, it was determined that the Weibull distribution gave a better approximation 
for all deformations (final distributions shown below on Figure 5-22). Using the 
distributions, one can estimate the deformation values for columns for a desired 
probability of exceedance.  
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(a) FRP-jacketed columns (b) Steel-jacketed columns 
(c) Circular FRP-jacketed columns (d) Rectangular FRP-jacketed columns 
(e) Circular Steel-jacketed columns (f) Rectangular Steel-jacketed columns 
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(c) Circular FRP-jacketed columns (d) Rectangular FRP-jacketed columns 
(e) Circular Steel-jacketed columns (f) Rectangular Steel-jacketed columns 
Figure 5-22 Empirical data cdf with the final distributions 
The fitting values for each are shown in Table 5-4. The fitting values were 
obtained using maximum likelihood estimates which were obtained following a process 
similar to the one described by Clifford 1965. The fitting values can be used to replicate 
the parameter distributions within the range shown above.  
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Table 5-4 Fitting parameters for Weibull distribution at the different deformation levels 
   μ k 
FRP Δ௬ 
Circular 0.0066 1.57 Rectangular 
Steel Δ௬ 
Circular 0.0066 2.10 Rectangular 
FRP Δ௣ − Δ௬ 
Circular 0.0357 2.61 
Rectangular 0.0181 1.91 
Steel Δ௣ − Δ௬ 
Circular 0.0393 2.61 
Rectangular 0.0275 3.89 
FRP ܽ Circular 0.0553 2.91 Rectangular 0.0380 2.64 
Steel ܽ Circular 0.0471 4.74 Rectangular 0.0458 2.36 
5.2.3. Deformations from distributions 
The distributions give the deformations at different probabilities. From the 
distributions the probability of exceedance was calculated. The probability of exceedance 
was calculated using Eq. 5-14. The probability of exceedance shows the probability of 
the desired parameter of reaching the value. Some of these values are shown in the table 
below (Table 5-5).  
 
 Probability of exceedance = (1 − ܲ[ݔ]) ∗ 100 Eq. 5-14 
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Table 5-5 Deformation parameters at different levels of probability 
   Probability of exceedance 
Jacketing 
material 
Deformation 
parameter 
Section Shape 95% 50% 5% 
FRP Δ௬ 
Circular 0.0009 0.0052 0.0133 Rectangular 
Steel Δ௬ 
Circular 0.0016 0.0055 0.010 Rectangular 
FRP Δ௣ − Δ௬ 
Circular 0.0114 0.0310 0.050 
Rectangular 0.0038 0.0149 0.0321 
Steel Δ௣ − Δ௬ 
Circular 0.0126 0.0341 0.0597 
Rectangular 0.0128 0.0250 0.0364 
FRP ܽ Circular 0.0199 0.0487 0.0806 Rectangular 0.0123 0.0330 0.0575 
Steel ܽ Circular 0.0251 0.0436 0.0593 Rectangular 0.0130 0.0392 0.0728 
 
The differences between jacketing material can be seen in Table 5-5. While the yield 
deformation is similar the rest differ and give us important information. By looking at 
Δ௣ − Δ௬ most steel jacketed columns reach peak deformation at a higher deformation. 
Comparing the parameter a the FRP circular jackets have better performance than steel 
jackets while the opposite can be said for rectangular sections. These values can be used 
as modeling parameters for existing columns.  
5.2.3.1.Suggestions For Values For ACI 369R-11 Table 4.2 Specifically For Jacketed 
Columns 
The ACI 369R-11 and the ASCE/SEI 41 has tables which suggest values for 
parameters a, b and c for reinforced concrete columns. A section of this table is shown in 
Table 5-6. These values do not include jacketed columns. Using the statistical data above 
values for both circular and rectangular jacketed columns respectively are proposed, to 
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construct a similar table. The modeling parameters are to be separated by jacketing 
material and cross section geometry as done above for the statistical analysis.  
Table 5-6 Section of Table 4.2 of the ACI 369R-11 
Conditions 
Modeling parameters 
Plastic rotations angle, radians Residual Strength 
ratio 
a b c 
Condition i. 
ܲ
ܣ௚ ௖݂ᇱ
 ߩ௩ =
ܣ௩
ܾ௖ݏ
 
   
≤ 0.1 ≥ 0.006 0.035 0.060 0.2 
≥ 0.6 ≥ 0.006 0.010 0.010 0.0 
≤ 0.1 = 0.002 0.027 0.034 0.2 
≥ 0.6 = 0.002 0.005 0.005 0.0 
 
The values in the ACI 369R-11 tables were modified using a database containing 
319 rectangular columns and 171 circular columns which had a wide range of design 
parameters, test setup and loads. The large database used, allows correlations between the 
modeling parameters and several RC column details. These correlations are between 
deformation values with: 
 ൬ ௉
஺೒௙೎ᇲ
൰ axial load ratio  
 (ߩ௩ =
஺ೡ
௕೎௦
) transverse reinforcement ratio 
 ቌ ௏
௕೎ௗට௙೎ᇲ
ቍ shear demand to concrete shear capacity ratio  
 ቀ௏೚
௏೙
ቁ shear capacity to shear capacity to create a plastic hinge ratio.  
The table is divided by conditions. The conditions are meant to establish whether the RC 
column can develop a plastic hinge and therefore the strength of the longitudinal bars. 
“Condition i” is the condition at which the columns are expected to develop the strength 
103 
 
of the longitudinal bars and have a flexural failure. Jacketed columns are rehabilitated to 
be able to develop the flexural strength of the column therefore further comparisons are 
going to be against “Condition i”. Table 5-6 shows the Condition i section of the ACI 
369R-11 table. Regrettably, up to this point with the exception of the expected Condition, 
these correlations have not been stablished for rehabilitated columns.  
The jacketed column database has a wide range of column detailing and load 
schemes as shown in Chapter 4 but there is a limited amount of columns with each detail 
and load scheme. Comparing the values in Table 5-6 with the ones obtained from the 
database the jacketed column parameter a strongly resemble those presented in with ߩ௩ ≥
0.006 and axial load ratio ≤ 0.1. With this the parameter a for jacketed columns with 
low axial load ratio (≤ 0.1) will be equal to the mean value. In the case of columns with 
high axial loads no conclusions can be made and because of this the parameter a for 
columns with high axial loads (≥ 0.6) will continue be used as the ones presented in the 
Table 5-6 while values between these values of axial loads can be linearly interpolated as 
done in the current tables.  
 Without knowing the correlation between the different setup and design 
specifications with the deformation for jacketed columns the parameter a should be used 
as the mean or determined using a desired or required probability of exceedance some of 
which are shown in Table 5-7. This probability should be chosen using engineering 
judgement while taking into account the use of the building, the current deficiency in the 
column, the expected loads and the case of existing damage prior to jacketing. As 
mentioned in before, columns that experienced damage before jacketing will maintain its 
strength depending on the amount of damage prior jacketing. Furthermore if the damaged 
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column has a short lap-splice deficiency in its original design the strength will be reduced 
and the deformation will depend on the column damage which will make it less reliable. 
The current deficiency is of great importance when considering the probability of 
exceedance. Shear critical columns showed the best strength response after jacketing 
while confinement and short lap-splice deficient columns showed less strength gain but 
more ductility.  
Table 5-7 Parameter a at different levels of exceedance 
Probability of 
Exceedance 
FRP Steel 
a a 
Circular Rectangular Circular Rectangular 
95 0.0199 0.0123 0.0251 0.0130 
90 0.0255 0.0161 0.0293 0.0176 
85 0.0296 0.0190 0.0321 0.0212 
80 0.0330 0.0214 0.0343 0.0242 
75 0.0360 0.0236 0.0362 0.0270 
70 0.0388 0.0256 0.0379 0.0295 
65 0.0414 0.0275 0.0394 0.0320 
60 0.0439 0.0294 0.0408 0.0344 
55 0.0463 0.0312 0.0422 0.0368 
50 0.0487 0.0330 0.0436 0.0392 
 
So far this study has concentrated on the modeling parameter a and does not 
include the parameter b due to the lack of studies that reached this level of deformation 
for jacketed columns. Because of this it is recommended that parameter b continue to be 
used conservatively as the one presented in the tables for columns with ߩ௩ ≥ 0.006  until 
further studies are published that reached a high level of strength degradation. Out of the 
current studies that reached a high level of degradation for jacketed columns, the study 
published by Ghosh (2007) is worth noting. Ghosh (2007) studied RC columns with short 
lap-splices retrofitted with FRP jackets. These columns had a quasi-static cyclic loading 
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which in some cases reached the rupture of the jacket and strength degradation up to 
90%. From that study the hysteretic plots show a slow degradation of strength as lateral 
deformation is increased, as well as decreased pinching and high levels of plasticity 
reaching values of parameter b of 0.11 (maximum value of parameter b on tables is 0.06). 
The jacketed columns in the database used in this study avoid brittle failures similar to 
that of code-conforming columns. With this the study proposes the use of Table 5-8 for 
RC columns retrofitted with FRP or steel material jackets. Using the procedure presented 
in this study parameter a, b and c can be estimated using the values in Table 5-8. 
 Table 5-8 Proposed modeling parameters for FRP- and steel-jacketed columns 
Section Parameters 
Modeling parameters 
Plastic rotations 
angle, radians 
Residual 
Strength ratio 
a b c 
Jacketing Material Section Shape 
ܲ
ܣ௚ ௖݂ᇱ
 
FRP 
Circular ≤ 0.1 0.049 0.060 0.2 ≥ 0.6 0.010 0.010 0.0 
Rectangular ≤ 0.1 0.034 0.060 0.2 ≥ 0.6 0.010 0.010 0.0 
Steel 
Circular ≤ 0.1 0.043 0.060 0.2 ≥ 0.6 0.010 0.010 0.0 
Rectangular ≤ 0.1 0.040 0.060 0.2 ≥ 0.6 0.010 0.010 0.0 
  
In conclusion based on the statistical analysis of jacketed columns, mean values 
of Parameter a for the two cross sections studied (circular and rectangular) and the two 
jacket materials included in the database (FRP and steel) were computed (Table 5-8).  
These four categories are consistent with the constraints of the data and the differences 
stablished visually and statistically.  Because of the limitations found in the jacketed 
column experimental database shown in Chapter 4, mean data were only computed for 
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Parameter a and for columns tested under low values of axial force (ܲ/ܣ௚ ௖݂ᇱ ≤ 0.10).  
Recommended values of other parameters (b and c) are based in the similarities observed 
in the behavior of jacketed columns in comparison with columns containing reinforcing 
details representative of new design (code conforming columns).  The similarities in 
backbone behavior of an originally deficient column that has been retrofitted using two 
different jacketing configurations with the behavior of a similar code-conforming column 
is shown in Figure 5-23.  The behavior of the jacketed columns is remarkably similar to 
that of columns with well detailed reinforcement, providing support for using modeling 
parameters of these columns for jacketed columns where there are no available laboratory 
data. 
 
Figure 5-23 Comparison of the backbone force-deformation behavior of a code-
conforming and two different jacketed columns 
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CHAPTER 6 
6. SELECTION AND ANALYSIS OF PROTOTYPE BUILDING 
The response of individual jacketed columns was quantified and determined in 
previous chapters. The performance of individually jacketed columns can affect the 
behavior of the entire frame depending on the location of a retrofit for a given structure. 
Location of column retrofit has to be carefully evaluated so that undesirable failure 
modes simply move to another place of the retrofitted frame.  In this chapter, a base 
structure is chosen to study the seismic behavior of frames retrofitted with column jackets 
at selected locations. The prototype building was selected to replicate common 
deficiencies found in older reinforced concrete structures as discussed in Chapters 3 and 
4. To study the behavior of the frames, non-linear dynamic analysis was used as 
described in this chapter.  
6.1. Description of Prototype Buildings 
This research concentrates on retrofitting of structures through column jacketing 
so structures that have columns with deficient details were chosen for analysis. The 
lateral load resisting system in the prototype buildings consisted of beam-column 
moment frames without the presence of walls or braces. Liel and Deierlein (2008) 
proposed an archetype building with design details consistent with practice predating 
1967. These frames have characteristics from structures built in California known to have 
deficient seismic details. The archetype structures have moment frames as the lateral load 
resisting system, so their study focused on calculating the response of these buildings for 
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a suite of ground motions to investigate how the frame deficiencies would affect the 
response of the archetype buildings. These frames were adapted for this research.  
The prototype frames were of an office use building with design characteristics 
from California, with a moment frame as the lateral resisting system in both directions. 
The buildings used were of 2, 4, and 8 stories high. The prototype building was analyzed 
as a series of 2D frames. This research is limited on modeling jacketed column behavior 
loaded in one plane and exclude out of plane behavior or bidirectional effects.  The 
bidirectional behavior of jacketed columns has not been studied in detail in the 
laboratory, so 3D modeling was not considered feasible for this research.  The main 
purpose of this research, then, focused on studying the effects of column jacketing 
location in overall frame behavior. The 2D frame chosen for modeling was an interior 
frame of the prototype structure. This frame contains three bays and different story 
heights as shown in Figure 6-1. The prototype frames were studied using the same 
geometry as the frames studied by Liel and Deierlein (2008).  
2 Story 4 Story, with typical dimensions 8 Story 
Elevation View 
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Plan View 
Figure 6-1 Elevation and plan view 
6.1.1. Description of Prototype Frame  
The prototype frame selected for this research was a three bay moment resisting 
frame that included beam and column elements with details consistent of design practice 
prior to 1970.  Frames with three different numbers of stories, 2, 4, and 8 stories, were 
chosen to investigate the effects of column retrofitting over the height of multi-story 
frames. The spacing between columns for all frames was set at 25 ft (7.62 m) as shown in 
Figure 6-1. Story heights changed between the first and upper stories with the 1st story 
height set at 15 ft (4.57 m) and the upper stories at 13 ft (3.96 m) regardless of the total 
number of stories (Figure 6-1). The difference between heights for the first and upper 
stories was incorporated to simulate first story retail space from upper story office space.  
The design details of the three frames are summarized in Table 6-1 and Table 6-2. 
Table 6-1 lists the nominal concrete strength ( ௖݂ᇱ) and the steel yield stress ( ௬݂). For 
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simplicity, these material properties were assumed equal throughout the height of all 
frames.  
The columns in all frames have a square or rectangular cross section.  In the 
tables, h is the dimension of the column section parallel to the lateral load direction; b is 
the dimension perpendicular to the lateral load direction;  ߩ௟௢௡௚ is the longitudinal steel 
ratio (ߩ௟௢௡௚ =
஺ೞ
ௗ∙௕
); while ߩ௦௛ refers to the transverse steel ratio (ߩ௦௛ =
஺ೞ೓
௦∙௕
); and s refers 
to the hoop spacing along the column axis that was assumed constant throughout the 
column height. When modeling the RC column section, a discrete number of bars is 
needed. Therefore from the ߩ௟௢௡௚ a discrete numbers of bars was determined and 
distributed equally through the section. In the 2 and 4 story frames, interior and exterior 
columns had a square cross section with dimensions that don’t vary through the height of 
the building. The 8 story frame, however, had rectangular columns with depth h greater 
than width b. The column cross-sectional dimensions for the 8 story frame changed at the 
5th story. As was common in practice predating 1970, all columns contained short lap-
splices above the foundation and each floor level. The lap-splice length was set at 20 bar 
diameters as was commonly done in practice.  
Table 6-2 lists the beam details. For columns, the nominal material properties 
(steel and concrete strength) were assumed to be constant throughout the entire frame for 
all frames. The beam depth is denoted as h, while b is the section width;  ߩ௧௢௣ refers to 
the longitudinal steel ratio at the top of the section (ߩ௧௢௣ =
஺ೞ೟೚೛
ௗ∙௕
); ߩ௕௢௧ is the longitudinal 
steel at the bottom of the section (ߩ௕௢௧ =
஺ೞ್೚೟
ௗ∙௕
); and ߩ௦௛ and s are the transverse 
reinforcement ratio and the stirrup spacing. The study by Liel and Deierlein (2008) 
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included deficient details on beams such as non-continuous longitudinal bars with lap-
splices within the joints and no transverse reinforcement near midspan of the beams. To 
focus the damage on columns in the current research, the beam longitudinal 
reinforcement was assumed to be continuous and the stirrup spacing was kept constant 
through the beam length. With these details, the capacity of the beams will be governed 
by the beam shear and flexural strength only, and not development length deficiencies. 
Figure 6-2  Shows the location of the details shown on Table 1-1. 
 
Figure 6-2 ASteel detailing of original frames vs as modeled for the study 
To further ensure that column failure governed response of the original frames, 
beam-column joints were assumed to remain linear elastic throughout loading and no 
failure was expected on these elements. On this type of frame, the joint details included 
the longitudinal bars crossing from beams and columns, with hoops within the joint 
region.  
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Table 6-1 Main details of frame columns 
݂ᇱܿ = 4݇ݏ݅ (27.6ܯܲܽ);  ௬݂ = 60݇ݏ݅ (413.7ܯܲܽ) 
Number of 
Story 
Column 
Story 
Column 
Location h (in) b (in) d (in) ߩ௟௢௡௚ ߩ௦௛ s (in) 
2 
1st 
Exterior 24 24 22.7 0.018 0.0015 12 
Interior 24 24 22.7 0.01 0.0015 12 
2nd 
Exterior 24 24 22.7 0.017 0.0015 12 
Interior 24 24 22.7 0.012 0.0015 12 
4 
1st 
Exterior 20 20 18.7 0.039 0.0039 10 
Interior 20 20 18.7 0.028 0.0028 10 
2nd 
Exterior 20 20 18.7 0.028 0.0022 10 
Interior 20 20 18.7 0.028 0.0028 10 
3rd 
Exterior 20 20 18.7 0.028 0.0022 10 
Interior 20 20 18.7 0.019 0.0015 10 
4th 
Exterior 20 20 18.7 0.028 0.0022 10 
Interior 20 20 18.7 0.012 0.0015 10 
8 
1st 
Exterior 24 24 22.7  0.032 0.0036 12 
Interior 28 28 26.7 0.014 0.0023 14 
2nd 
Exterior 24 24 22.7  0.019 0.0023 12 
Interior 28 28 26.7 0.014 0.0023 14 
3rd 
Exterior 24 24 22.7  0.019 0.0019 12 
Interior 28 28 26.7 0.01 0.0019 14 
4th 
Exterior 24 24 22.7  0.019 0.0017 12 
Interior 28 28 26.7 0.01 0.0017 14 
5th 
Exterior 24 24 22.7 0.019 0.0017 12 
Interior 24 24 22.7 0.014 0.0017 12 
6th 
Exterior 24 24 22.7 0.016 0.0015 12 
Interior 24 24 22.7 0.014 0.0015 12 
7th 
Exterior 24 24 22.7 0.016 0.0015 12 
Interior 24 24 22.7 0.01 0.0015 12 
8th 
Exterior 24 24 22.7 0.016 0.0015 12 
Interior 24 24 22.7 0.01 0.0015 12 
1 in = 2.54cm 
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Table 6-2 Main details of frame beams 
݂ᇱܿ = 4݇ݏ݅ (27.6ܯܲܽ);  ௬݂ = 60݇ݏ݅ (413.7ܯܲܽ) 
Number 
of Story 
Beam 
Story h (in) b (in) ߩ௕௢௧ ߩ௧௢௣ ߩ௦௛ s (in) 
2 
1st 24 24 0.0063 0.0105 0.0023 10.8 
2nd 24 24 0.0068 0.01 0.0023 10.8 
4 
1st 26 20 0.0073 0.0143 0.0028 11.8 
2nd 26 20 0.0065 0.0135 0.0028 11.8 
3rd 20 20 0.0115 0.0205 0.0044 8.8 
4th 20 20 0.0125 0.0193 0.0044 8.8 
8 
1st 26 24 0.0058 0.0128 0.002 11.8 
2nd 26 24 0.0055 0.0128 0.002 11.8 
3rd 26 24 0.0053 0.0123 0.002 11.8 
4th 26 24 0.0058 0.012 0.0018 11.8 
5th 26 24 0.0093 0.0183 0.0031 8.8 
6th 20 24 0.0093 0.0173 0.0031 8.8 
7th 20 24 0.009 0.0153 0.0031 8.8 
8th 20 24 0.0097 0.014 0.0031 8.8 
1 in = 2.54cm 
The gravity loads applied on the frames corresponded to loads for an office use 
building (50 psf, ASCE 7-15) and the dead loads from the structural elements plus a 6-
inch concrete slab. The gravity loads were applied to the beams as a distributed load 
following the tributary area of the slab and transferred to the columns until reaching 
ground level. Out of plane beam loads were added to the columns as point loads. The 
mass of the structure included 25% of the live load (PEER 2010). The structure was 
evaluated using the load factors for non-linear time history analysis proposed by PEER 
(2010) as presented in Eq. 1-1. In which D represents for dead load, ܮ௘௫௣ stands for 25% 
of unreduced live load and E stands for earthquake load.  
 1.0ܦ + ܮ௘௫௣ + 1.0ܧ  Eq. 6-1 
The frames were subjected to a suite of 36 pairs of ground motions recorded 
during past earthquakes studied by Liel and Dierlein. A summary of relevant ground 
114 
 
motion parameters for these ground motions are listed in Table 6-3.  The frames were 
subjected to each horizontal component of the ground motion recorded at a specific 
station using non-linear dynamic analysis. The details of the non-linear dynamic analysis 
procedure used in this research will be discussed in Section 6.3.  
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Table 6-3 Earthquake database details 
Event name Fault type Year Mag. Station Name Vs_30 (m/s) 
Campbell 
Distance 
(km) 
Northridge Blind Thrust 1994 6.7 Beverly Hills - 14145 Mulhol 356 17.2 
Northridge Blind Thrust 1994 6.7 Canyon Country -W Lost Cany 309 12.4 
Northridge Blind Thrust 1994 6.7 LA - Saturn St 309 27 
Northridge Blind Thrust 1994 6.7 Santa Monica City Hall 336 27 
Northridge Blind Thrust 1994 6.7 Beverly Hills - 12520 Mulhol 546 18.4 
Duzce, Turkey Strike-Slip 1999 7.1 Bolu 326 12.4 
Hector Mine Strike-Slip 1999 7.1 Hector 685 12 
Imperial Valley Strike-Slip 1979 6.5 Delta 275 22.5 
Imperial Valley Strike-Slip 1979 6.5 El Centro Array #11 196 13.5 
Imperial Valley Strike-Slip 1979 6.5 Calexico Fire Station 231 11.6 
Imperial Valley Strike-Slip 1979 6.5 SAHOP Casa Flores 339 10.8 
Kobe, Japan Strike-Slip 1995 6.9 Nishi-Akashi 609 25.2 
Kobe, Japan Strike-Slip 1995 6.9 Shin-Osaka 256 28.5 
Kobe, Japan Strike-Slip 1995 6.9 Kakogawa 312 3.2 
Kobe, Japan Strike-Slip 1995 6.9 KJMA 312 95.8 
Kocaeli, Turkey Strike-Slip 1999 7.5 Duzce 276 15.4 
Kocaeli, Turkey Strike-Slip 1999 7.5 Arcelik 523 13.5 
Landers Strike-Slip 1992 7.3 Yermo Fire Station 354 23.8 
Landers Strike-Slip 1992 7.3 Coolwater 271 20 
Landers Strike-Slip 1992 7.3 Joshua Tree 379 11.4 
Loma Prieta Strike-Slip 1989 6.9 Capitola 289 35.5 
Loma Prieta Strike-Slip 1989 6.9 Gilroy Array #3 350 12.8 
Loma Prieta Strike-Slip 1989 6.9 Hollister - South & Pine 371 27.9 
Loma Prieta Strike-Slip 1989 6.9 Hollister City Hall 199 27.6 
Loma Prieta Strike-Slip 1989 6.9 Hollister Diff. Array 216 24.8 
Manjil, Iran Strike-Slip 1990 7.4 Abhar 724 13 
Superstition Hills Strike-Slip 1987 6.5 El Centro Imp. Co. Cent. 192 18.5 
Superstition Hills Strike-Slip 1987 6.5 Poe Road (temp) 208 11.7 
Superstition Hills Strike-Slip 1987 6.5 Westmorland Fire Sta 194 13.5 
Cape Mendocino Thrust 1992 7 Rio Dell Overpass - FF 312 14.3 
Chi-chi, Taiwan Thrust 1999 7.6 CHY101 259 15.5 
Chi-chi, Taiwan Thrust 1999 7.6 TCU045 705 26.8 
Chi-chi, Taiwan Thrust 1999 7.6 TCU095 447 45.3 
Chi-chi, Taiwan Thrust 1999 7.6 TCU070 401 24.4 
San Fernando Thrust 1971 6.6 LA - Hollywood Stor FF 316 25.9 
Friuli, Italy Thrust 1976 6.5 Tolmezzo 425 15.8 
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6.2. Description of Frame Non-Linear Model 
The frames were modeled by incorporating elements that can adequately capture 
the cyclic non-linear response of columns in those areas that are included inadequate 
reinforcement details.  The models then were constructed to capture the non-linear 
response in areas of the columns where hinging would be anticipated given the frame 
loading. The models were constructed using a lumped plasticity approach in which the 
non-linear behavior is assumed to concentrate only at locations where plastic 
deformations are expected to occur while the rest of the element remains within the linear 
elastic range. This method of modeling allows capturing the complex non-linear behavior 
only in selected regions with a reduced computational time. Non-linear rotational springs 
were introduced at member ends (columns and beam) with the hysteretic properties 
corresponding to the reinforcing detailing present in the corresponding frame element. 
Figure 6-3 illustrates the typical model for the 2-story frame in which E (modulus of 
elasticity), I (moment of inertia), and A (cross sectional area) are linear properties of 
elements between springs, and the non-linear springs at element ends are connected to 
rigid beam-column joints. The model included a Rayleigh damping factor of 5%. Figure 
6-3 also shows that boundary conditions at the bottom of the structure were defined as 
fixed, so no soil or foundation interaction was accounted in the models.  
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Figure 6-3 Typical lump plsticity distribution throughout the frame 
6.2.1. Element properties 
Modeling and analysis were carried out using OpenSEES. OpenSEES is an open 
system for earthquake engineering simulation developed by the University of California 
Berkeley for the purpose of earthquake engineering performance studies. The program 
includes a wide library of materials, elements, solvers and analysis tools which have been 
incorporated with the help of different groups and universities. The model presented 
above was developed, calibrated and analyzed using OpenSEES.  
The rotational spring properties were set depending on the element and location 
within the structure. Figure 6-4 shows the backbone spring properties for column, beams, 
and a joint at a beam-column connection. The backbones for beams and columns are tri-
linear and the joint response is modeled as linear. The spring elements were implemented 
as zero length elements. The joint properties were determined for the OpenSEES model 
using Membrane-2000, which is based on the Modified Compression Field Theory 
(MCFT). The joint backbone was used to find the values corresponding to yield strength 
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and yield displacement that define the slope of the linear spring that represents the joint. 
The shear force generated in the joint was checked externally to the joint shear capacity 
to ensure that no joints failed in shear. It’s important to note that no joint reached its 
maximum capacity on these models. The properties for the nonlinear springs at hinges of 
beams were determined using a trilinear backbone. Values for strength (moment) and 
deformation (rotation) at key points describing the backbone were calculated using a fiber 
analysis based on the section dimensions and the reinforcing ratio. The strength was 
capped by the controlling internal force (shear or bending Response 2000 software was 
used for the fiber analysis of beams. The residual strength of beam elements is difficult to 
estimate, therefore the values in Table 4.1 of ACI 369-R11 (provide year) were used for 
this purpose. Furthermore, the deformation capacity was estimated also using Table 4-
1ACI 369R-11 which determines the values using the reinforcing ratio, shear capacity to 
shear demand ratio and the stirrups spacing. The failures considered were only related to 
shear and bending capacity.  
 
 
Figure 6-4 Non-linear properties of beam column and joint springs 
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With the columns being the focus of this research, more parameters were 
considered to construct column backbone curves. The backbones and the cyclic response 
of column springs had to include effects of cyclic strength degradation and pinching. The 
column yield and peak capacities, for the as-built condition, were determined using a 
fiber model that incorporated the effects of concrete confinement applying the model 
proposed by Mander et al. (1988). The strength of the springs was reduced depending on 
the shear capacity which was calculated with Eq. 3-1. The graphic representation of the 
calculations made for the capacity of the beams is shown on Figure 6-5. The deformation 
capacity for the as-built columns was determined using Table 4.2 in ACI 369-R11.  
 
Figure 6-5 Beam backbone capacity 
The column springs were modeled using the uniaxial material property proposed 
by Ibarra, Medina and Krawinkler (2005) (IMK) which is incorporated in the OpenSEES 
library. The IMK model was selected because it uses a backbone curve as its envelope 
and it incorporates pinching and cyclic degradation using a series of parameters. The 
backbone is modeled by using the initial stiffness Ki, the yield strength Vy/My, the yield 
to peak slope and deformation, (strain hardening slope) the residual strength, deformation 
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to residual strength, and maximum deformation. These values were determined from a 
basic backbone curve measured during testing of an as-built column found in the 
literature. In Figure 6-6 the key characteristics of an RC column hysteretic behavior are 
highlighted. These characteristics are incorporated and calibrated in the model using the 
IMK material property.  
 
 
Specimen C-15 Breña and Schlick (2007) 
Figure 6-6 Non-linear spring property details in comparison with actual cyclic behavior 
The degradation parameters that can be controlled are: strength degradation from 
backbone, unloading stiffness and reloading stiffness. By observing Figure 6-6 and 
columns tested experimentally, researched by Priestly et al. (1994) and Haroun and 
Elsanadedy (2005) as other  it was noted that the key degrading factors for these column 
elements were the reloading stiffness and the strength. Knowing this, the calibration is 
concentrated on these two factors. The degradation rates are based on the hysteretic 
energy dissipated when the component is subjected to cyclic loading. These rules were 
developed by Rahnama and Krawinkler (1993). The assumption is that every element has 
an inherent hysteretic energy dissipation capacity regardless of the forces applied. For a 
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cycle i the deterioration is defined by parameter ߚ௜, given by the Eq. 6-1, in which ܧ௜ is 
the hysteretic energy of cycle i, ∑ ܧ௝  is the cumulative energy dissipated in previous half 
cycles (in the positive and negative directions) and ܧ௧ is the reference hysteretic energy 
dissipation capacity defined as ܧ௧ = ߛܨ௬ߜ௬. The parameter γ is one of the calibration 
parameters which express the hysteretic energy dissipation capacity as a function of twice 
the elastic strain energy at yield. The second calibration parameter is the value of the 
exponent c which controls the rate of cyclic degradation. Whether is almost constant 
through cycles or changing. When c=1, the cyclic degradation rate at a given deformation 
demand is constant. If c is greater than 1.0 but less or equal to 2.0, cyclic degradation rate 
increases in subsequent cycles at a given deformation demand.  As an example, Figure 
6-6 displays that the degradation rate changes after reaching a peak point, then after 
remains fairly constant. This factor changes from one column to another. The degradation 
at a given cycles is calculated by ܨ௜ = (1 − ߚ௜)ܨ௜ିଵ. The model assumes that when 
hysteretic energy is exhausted the element collapse is reached, this is obtained when the 
value of ߚ௜ goes outside the limits of 0 < ߚ௜ ≤ 1. With this when  (1 − ߚ௜) is equal to 
cero or negative value the element reached numerical collapse.  
 ߚ௜ = ቆ
E୧
ܧ௧ − ∑ ܧ௝௜௝ୀଵ
ቇ
௖
 Eq. 6-2 
The RC columns were calibrated using results from laboratory tests of columns 
containing reinforcing details typical of pre-1970s construction. The columns with these 
details were used to represent as-built conditions of frames with vulnerable details that 
could be prone to collapse under large earthquakes.  These frames were then retrofitted to 
eliminate the observed vulnerabilities as will be discussed in Chapter 7.  To calibrate the 
non-linear models used to capture the response of vulnerable columns, the first step 
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consisted in calibrating the response of a cantilever column using results from laboratory 
experiments (Figure 6-7a). As in the selected laboratory experiment, the column was 
simultaneously subjected to axial load (P) and quasi-static cyclic lateral displacement (Δ). 
The calibration model shown in Figure 6-7b was used to calibrate the non-linear spring so 
that the results from the corresponding laboratory experiment could be captured with 
reasonable accuracy. Given the variability of deficient columns in as-built condition 
column C-15 from Brena and Schlick (2007) was be taken as representative for 
calibration of as-built column behavior. In most cases, the laboratory tests for as-built 
columns exhibited failure at low displacements in tests where load was applied quasi-
statically. The calibration in these columns concentrated on the parameter for pinching 
and reloading stiffness only. As-built columns typically show large degradation after the 
1st cycle at a given displacement and little degradation in subsequent cycles (Brena and 
Schlick (2007), Priestly et al. (1994) and Haroun and Elsanadedy (2005)), see Figure 1-7. 
This characteristic of as-built columns was approximately captured using the cyclic 
degradation parameters listed in Table 6-4. Figure 6-8 displays a comparison between 
tests against the calibrated model of the same column. The calibrated column response 
was then used to model the frames. Because of the behavior of the non-linear elements, it 
is expected that the earthquake energy will be dissipating through cycles. Also as damage 
increases in the non-linear regions the program recalculates the stiffness matrix changing 
the frequencies of modes for the frame.  
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(a) Experimental test setting 
 
(b) Calibration model 
Figure 6-7 Test and calibration model setting 
 
 
Reference column C-15 from Brena and Schlick (2007) 
Figure 6-8 Example of calibrated RC column 
 
Table 6-4 Pinching and degradation paramters for as-built columns 
Pinching parameters Degradation parameters 
Pinching 
Amplitude 
Force ratio of 
reloading  (+/-) 
ߛ௦ ߛ௞ ܿ௦ ܿ௞ 
0.1 0.2 0.3 10 1.0 1.0 
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6.3. Analysis of prototype buildings 
In order to observe the frames at different stages, the earthquake time histories 
were scaled until reaching the collapse of the structure. The three (2-, 4-, and 8-story) 
prototype frames were analyzed using the Incremental Dynamic Analysis (IDA) approach 
proposed by Vamvatsikos and Cornell (2001). In this type of analysis, the frame response 
is calculated nonlinearly for each ground motion scaled up to the point of collapse. A 
deformation parameter such as interstory drift is computed at the end of each time history 
to generate a plot of the selected response intensity measure against the selected 
deformation measure.  In this research, the quantity selected to represent intensity was 
spectral acceleration at the 5% damped fundamental period of the frame.  The 
deformation measure was interstory drift as this quantity is frequently linked to observed 
damage after severe earthquakes.   
The elastic response spectrum for a given ground motion is first computed to find 
the spectral acceleration corresponding to the fundamental period of a frame (SaT1), 
Figure 6-9.  The original ground motion time history is scaled in factors of gravity (g) 
and used to analyze the frame until the frame reaches collapse. An example of an IDA 
curve for a single ground motion is shown in Figure 6-10.  
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Figure 6-9 Example of the value SaT1 for a given earthquake spectral acceleration 
 
Figure 6-10 IDA curve example of one earthquake on a 4 story frame 
Collapse was defined in this research as the condition when convergence could 
not be achieved during the analysis because of the formation of a story mechanism or 
when the interstory drift was excessive (7%). Figure 6-11a shows an inter-story 
mechanism at the bottom story of a frame that generates collapse of the first story of this 
frame.  The interstory drift is determined by dividing the inter-story (floor-to-floor) 
lateral deformation by the height of the corresponding story. Figure 6-11b displays a full 
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frame mechanism in which plastic hinging form in all the beams coupled with plastic 
hinging in the column base. For the second mechanism, the total drift is calculated by 
dividing the frame top displacement by the total height (H).  The frames in this research 
typically reached an interstory mechanism instead of a global mechanism because 
columns were the most vulnerable components. 
 
(a)  (b) 
Figure 6-11 Example of two possible collapse mechanisms: (a) inter-story failure; (b) 
overall frame mechanism 
This type of collapse analysis and cyclic loading require complex algorithms 
which can generate significantly long computational times. To reduce the computational 
time, multiple algorithm solvers were implemented in the OpenSEES model. The solvers 
used were: Krylov Newton (Scott and Fenves 2009), Newton with line search (Ciampy 
1997) and Broyden (1997). Collapse of a structure although physically understood, 
computationally is hard to quantify since the structure can fail to converge before 
reaching a value of collapse. These solvers allow the estimation of a robust solution. To 
obtain accurate collapse results, the residual strength maximum deformation before the 
element losses 100% of its lateral resisting capacity of each element was set at 10% drift. 
Setting this high value allowed the program to find a solution for a non-zero strength. The 
collapse mechanism was determined during post processing as the collapse was measured 
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at 7% drift with a formation of a failure mechanism. To ensure stability during the 
analysis the critical time step (Δt) was evaluated using the equation Δݐ = 2/߱௠௔௫ (Cook 
2007) in which ߱௠௔௫ is the highest of the natural frequencies. With this the critical time 
step is 0.04s for the 2- and 4-story frame while 0.024s for the 8-story frame. The largest 
time step for the time histories is 0.02s which is lower than the critical time step for all 
frames. Furthermore, the time history analysis points were computed at ¼ of each time 
step ቀௗ௧
ସ
ቁ. This means that the time step varied depending on the time history recorded 
time step, with 0.005s being the largest analysis time step. More analysis points resulted 
in more accurate results. This value was decided after a sensitivity analysis which showed 
that, for these structures, the change in collapse scaling factor is small (< 2%) when using 
a smaller analysis step ቀ< ௗ௧
ସ
ቁ but larger (> 11%) with higher analysis step ቀ> ௗ௧
ସ
ቁ.  
As mentioned above the IDA consists of analyzing a suite of earthquake records, 
scaling them until the frame reaches collapse. The earthquakes chosen have been used by 
previous studies (Haselton and Deierlein 2005, Liel and Deierlein 2008, ATC-63).  The 
ground motions were computed during earthquakes with magnitudes higher than 6.5 and 
were measured in sites from stiff or very dense soil. The earthquakes record sites were 
chosen to avoid near fault effects. The spectral analysis assuming 5% damping is shown 
on Figure 6-12. With this selection of earthquakes, there is a considerable amount of 
earthquakes with high spectral accelerations that would affect periods lower than 1.0 sec; 
while there are not many that would affect structures with higher fundamental periods 
(greater 2.0 sec).  
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6.3.1. As-built frame results  
The as-built frames are based on the properties of the original frames that include 
deficiencies prone to damage under large earthquakes. The results from these analyses 
were subsequently used to develop retrofitting techniques of these vulnerable frames 
through jacketing as described in Chapter 7. The fundamental period of the as-built 
frames is shown in Figure 6-12 overlain on the elastic response spectra for the 36 pairs of 
ground motions used in this research. Figure 6-12 also shows the Design Spectra and the 
Maximum Credible Earthquake (MCE). These were obtained assuming 5% critical 
damping, soil Class D (mean soil characteristic from the earthquake database locations), 
1s spectral response (S1) value of 0.6 and 0.2s spectral response (Ss) of 2.0. The frames 
were analyzed using the suite of 72 ground motions from which values of story drift, and 
SaT1 were found (normalized by the acceleration of gravity, g). From these results, the 
IDA plots were created using the maximum inter-story drift for each value of ்ܵܽଵ that 
the frames were able to sustain prior to collapse. The results of 2 story, 4 story and 8 
story frames are shown in Figure 6-13. The 2 story frame being a low rise with the 
fundamental period in a location for most ground motions with a high spectral 
acceleration reaches collapse at a low drift (< 1.2%) while the 4 story and 8 story reach 
values of drift greater than 3% prior to collapse.  
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Figure 6-12 Spectral accelerations from earthquake, design spectra, maximum credible 
earthquake and frames 1st period 
 
 
(a) 
 
(b) 
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(c) 
Figure 6-13 IDA plots for the as built condition (a) 2 story frame; (b) 4 story frame; (c) 8 
story frame 
From the results, the 1st inter-story to reach collapse was also determined. This 
will be referred as the 1st inter-story failure. Figure 6-15 shows the concentration of 
collapse for the different frames. These results indicate a high number of failures 
concentrated on the first story of all 3 frames; with the 2 story frame having all failures 
located at the bottom story and the other frames having little number of failures located in 
higher stories. In all frames, inter-story mechanisms were the predominant mode of 
failure and collapse was reached at low displacement ductilities for all frames. The 
mechanisms started forming after interstory drifts less than 1% (see Table 6-5). The mean 
ܵ௔்ଵ to cause collapse is shown in Table 6-5. This value shows that with a time history 
and degradation the capacities of the frames are lower than the required for design 
spectra, shown in Figure 6-12. This result is consistent with observation of failures of 
structures with the types of deficiencies modeled in the frames after major earthquakes. 
The as-built frame results were needed to analyze the behavior of the frames after 
rehabilitation through column jacketing. Figure 6-14 shows the frequency at which a 
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frame reached collapse at a given scaling factor. This information is studied in depth in 
Chapter 8 for the multiple frames. This information will provide insight on the change in 
behavior between the as-built and the later discussed retrofitted. The following chapter 
will discuss the column retrofit design, the modeling procedure, and the results of the 
non-linear analyses of retrofitted frames.  
2 story frame 4 story frame 
 
8 story frame 
Figure 6-14 Frequency of collapse of as-built frames 
Table 6-5 Minimum and maximum interstory drift prior to developing a collapse 
mechanims 
Frame Min Drift (%) Max Drift (%) Mean ܵ௔்ଵ (g) 
2 Story 0.72 2.7 1.21 
4 Story 0.81 2.8 0.214 
8 Story 0.92 3.5 0.157 
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(a) 2 story frame (b) 4 story frame 
 
(c) 8 story frame 
Figure 6-15 1st Inter-story collapse in the 3 frames in as-built condition 
6.4. Summary 
As-built frames were chosen and modeled to obtain the as-built behavior for the 
following Chapter. The frames selected were those of 2, 4 and 8 stories high. The lateral 
resisting system for these structures was composed of beam and column elements. The 
frames had details of deficient structures. The deficiencies were those studied on Chapter 
3 in which research was conducted to test the ability of jacket to retrofit these columns. 
The model concentrated on lumped plasticity. The lump plasticity allows capturing 
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complex non-linear behavior in sections where it is expected. This also allows for the use 
of backbones and modeling parameters which were studied and determined for jacketed 
columns on Chapter 5. After analyzing the frames using IDA, the result showed the 
location in which failures concentrated and the SaT1 values at which these failures 
occurred. In the following Chapter, a similar process will be conducted for the retrofitted 
frames. The retrofit will be based on the design guides presented in Chapter 3 and the 
location will be decided by observing the failures in the as-built frames.  
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CHAPTER 7 
 RETROFIT DESIGN AND ANALYSIS OF PROTOTYPE FRAMES  
In Chapter 6 the analysis results for as-built frames were discussed. The results 
highlight the concentration of failures by inter-story mechanism of the 1st story. It further 
shows that the majority of failures occurred at low displacement ductilities. In this 
chapter the prototype frames will be retrofitted using steel and fiber reinforced polymer 
jackets (FRP) in the plastic hinge region of columns where failures concentrated in the 
as-built frames. By using the deformation parameters determined for jacketed columns of 
Chapter 5 this chapter examines the influence of the different jacketing materials and the 
effects of the increased capacity on the failure location and mechanism of retrofitted 
frames. The retrofit design was conducted progressively, that is, only column regions 
where failures occurred in the as-built condition were initially targeted for retrofitting. 
Retrofitting then concentrated in other areas that were subsequently subjected to 
increased demands after the critical regions of the columns were retrofitted. . 
The location of a retrofit for a given structure can affect the behavior of a building 
causing failure to move to an unretrofitted location of the building. The bank building in 
Dulce city was retrofitted on the first story using steel jacketing as shown in Figure 7-1. 
During the Dulce earthquake of 1999 the bank building had a failure on the second story 
corner as shown in Figure 7-2. In light of this behavior, this chapter presents the results of 
prototype frames that are retrofitted using column jacketing in different locations 
following a progression starting with regions in the 1st story that were found critical in the 
analysis of as-built frames.  
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Figure 7-1 Retrofitted column from bank building 
 
Figure 7-2 Retrofitted bank building after Dulce city earthquake 1999 
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7.1. Failures and Deficiencies in As-Built Frame 
As presented in Chapter 6, failures of the as-built frames concentrated in the 1st 
story at low displacement ductilities (ߤ୼) (Figure 6-13 and Figure 6-15). The retrofitting 
scheme studied in this research aims to: (1) eliminate column failures at splice locations; 
(2) eliminate brittle (non-flexure dominated) failures in individual elements; (3) prevent 
inter-story mechanisms at low displacement ductilities;  and (4) promote hinge formation 
in elements with low axial load (beams).  
7.2. Jacket Design 
The results in Chapter 6 show that failure of the prototype frames were associated 
with mechanisms commonly linked to low displacement ductilities (column hinging at 
top and bottom in a single story). This inter-story failure mechanism is prevented in 
current earthquake resistant design by promoting hinging at the ends of beams instead of 
at the ends of columns. In order to change the failure hierarchy from column hinging to 
beam hinging in the prototype frames, the retrofit design concentrated only jacketing 
columns only and ensuring that beams had sufficient rotation capacity to allow 
development of the increased deformation capacity of retrofitted columns. The joints and 
beam ends were not subjected to any retrofitting for economic reasons so these elements 
retain the same properties and design as in as-built frames. To comply with the proposed 
retrofitting philosophy the column jacket design was based on: 
- Achieving a high ductility capacity (ߤ୼ ≥ 4) consistent with well detailed 
columns (ASCE 41-06, Table 6-6) 
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- The shear strength of the column (߶ ௡ܸ, ௢ܸ) is greater than shear strength 
required to develop plastic hinges ( ௣ܸ). ௣ܸ ≤ ߶ ௡ܸ 
- Increase the confinement around short lap-splices to develop the longitudinal 
bars strength 
The ߤ୼ demand of 4 was determined using ASCE/SEI 7-10 Section 18.6.4 
Maximum effective ductility demand which depends on the response modification 
coefficient (R), over strength factor (Ω௢) and importance factor (I). These factors depend 
on the type of frame which in this case is a ‘Special Moment-Resisting Frame’ and 
building use (office). The second requirement, refers to the shear capacity of the element 
(߶ ௡ܸ ݋ݎ ௢ܸ) which has to be higher than the shear strength required to form plastic hinges. 
Lastly the column sections with short plastic hinging in zones with high plastic demands 
require an increase of confinement to avoid/reduce the slippage of longitudinal bars. 
These requirements were met by designing the jackets following the provisions in 
Chapter 3 Section 3.3 which were originally published in Priestly et al. (1996).  
As discussed in Chapter 5 section 5.1 the strength of a jacketed column is 
governed by flexure given that the jacket provides sufficient shear strength for the 
column to develop its flexural strength. Column shear strength varies along the column 
depending on whether the section is located inside or outside the plastic hinge region 
according to Eq. 3-5. Shear strength is dependent on ductility demand; at higher 
ductilities a drop in shear strength has been found in past tests and is reflected in design 
equations. Therefore, the column jacket was designed for the plastic hinge and middle 
regions separately, which resulted in different jacket thicknesses inside and outside the 
plastic hinge regions. FRP jackets can accommodate different thicknesses easily as 
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required through the column length because of their ease of installation. This is not the 
case for steel jackets. If steel jackets were required in the middle region of the columns; 
the controlling thickness within the plastic hinge region was used through the entire 
length of the column.  
Jacketing increases column flexural strength primarily by increasing the confined 
concrete strength. The increase confined concrete strength directly increases the axial 
capacity of the columns. The increased axial capacity was not taken into account in the 
model as the axial strength properties were modeled as linear-elastic. The axial capacity 
of the column was never in question due to the low axial load ratios in the columns 
൬ ௉
஺೒௙೎ᇲ
≤ 30%൰ for all frames columns.  
The jacket details are shown in Table 7-1 after designing the jacket following the 
procedure described in Chapter 3, Section 3.3. The strength of retrofitted column sections 
was determined following the procedure in Chapter 5, Section 5.1. In Table 7-1, ݐ௝ and ܧ௝ 
represent the jacket thickness and Young’s modulus of elasticity, respectively; and the 
jacket location is the length of column that required retrofit. The jacket location can be 
either concentrated at the plastic hinge region (Hinge) or throughout the length of the 
column (Full). Most of the designs were controlled by confinement requirements or lap-
splice. Shear strength jacketing was only required on the 4 and 8 story frame column with 
steel jackets. This was due to the increase stiffness associated with steel jacketing. After 
jacketing the plastic hinge regions the hinges have an increased bending capacity which 
in turn requires higher shear strength in the mid sections of the column to transfer this 
demand.  
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Table 7-1 FRP and steel jacket retrofit details 
   FRP jacket** Steel jacket° 
Number 
of Story 
Column 
Story 
Column 
Location ݐ௝  (in) 
Jacket 
Location* ݐ௝  (in) 
Jacket 
Location* 
2 
1st 
Exterior 0.0155 Hinge 0.522 Hinge 
Interior 0.0083 Hinge 0.280 Hinge 
2nd 
Exterior 0.0078 Hinge 0.261 Hinge 
Interior 0.0025 Hinge 0.085 Hinge 
4 
1st 
Exterior 0.0115 Hinge 0.628 Full 
Interior 0.0140 Hinge 0.764 Full 
2nd 
Exterior 0.0083 Hinge 0.454 Hinge 
Interior 0.0100 Hinge 0.545 Hinge 
3rd 
Exterior 0.0066 Hinge 0.358 Hinge 
Interior 0.0075 Hinge 0.408 Hinge 
4th 
Exterior 0.0080 Hinge 0.434 Hinge 
Interior 0.0080 Hinge 0.434 Hinge 
8 
1st 
Exterior 0.0138 Hinge 0.753 Full 
Interior 0.0196 Hinge 1.069 Full 
2nd 
Exterior 0.0100 Hinge 0.545 Hinge 
Interior 0.0140 Hinge 0.763 Hinge 
3rd 
Exterior 0.0079 Hinge 0.429 Hinge 
Interior 0.0105 Hinge 0.571 Hinge 
4th 
Exterior 0.0096 Hinge 0.521 Hinge 
Interior 0.0112 Hinge 0.608 Hinge 
5th 
Exterior 0.0078 Hinge 0.424 Hinge 
Interior 0.0071 Hinge 0.389 Hinge 
6th 
Exterior 0.0065 Hinge 0.354 Hinge 
Interior 0.0058 Hinge 0.319 Hinge 
7th 
Exterior 0.0052 Hinge 0.283 Hinge 
Interior 0.0046 Hinge 0.248 Hinge 
8th 
Exterior 0.0039 Hinge 0.213 Hinge 
Interior 0.0033 Hinge 0.178 Hinge 
* The location hinge refers to the plastic hinge region in addition to the length adjacent to the plastic hinge 
region as mentioned in Chapter 3. 
** The FRP jacket material properties are ܧ௝ = 33000 (ksi) and the Rupture strain = 0.0167 
° The steel jacket material properties are ܧ௝ = 29000 (ksi) and the ௬݂ = 60 (ksi) 
 
The large variability in plastic rotation capacity of as-built or retrofitted columns 
found in laboratory tests as discussed in Chapter 5 prompted the use of a statistical 
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analysis to define a deformation value that can be accommodated in as-built or retrofitted 
column conditions (Chapter 5 section 5.2). The plastic rotation values chosen to define 
the backbone response were the mean rotations found from the column database 
assembled for this research, which ensures a 50% exceedance. Since the as-built columns 
are rectangular the plastic rotation capacity (a) for FRP and steel jackets is 0.0330 rad 
and 0.0392 rad, respectively. The value used for the rotation corresponding to loss of 
axial-load carrying capacity (b) was 0.060 rad in both steel and FRP jacketed columns 
and the residual strength associated with this deformation is 20% of the peak lateral 
capacity. The common value for both jacket types was selected because insufficient 
experimental data are available that provide results of jacketed columns tested to failure. 
As used for the as-built frames the maximum deformation with residual strength was 
used as 10% drift to ensure a non-zero solution at instances of high demand.  
7.3. Model and Material Properties 
After jacketing the uniaxial material properties of the Ibarra, Medina and 
Krawinkler (IMK) model used to model the non-linear behavior of columns changed 
from that of the as-built condition. Column jacketing can be used to improve behavior of 
the retrofitted columns by increasing bending stiffness, decreasing pinching of the 
hysteretic response, and reducing the lateral-load strength degradation per cycles that 
occurs typically in reinforced concrete members.  
Initial stiffness, as discussed in Chapter 5, does not change appreciably when FRP 
jackets are applied to the plastic hinge regions of columns because of the low stiffness 
that FRP materials contribute in the direction perpendicular to the fiber orientation.  FRP 
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jackets are typically applied with fibers oriented in the transverse direction to increase 
confinement of the concrete core within the column, so stiffness in the columns 
longitudinal direction is not increased. Steel jackets, in contrast, can provide appreciable 
increase in flexural and axial stiffness because of the isotropic behavior of the material 
and the additional layer of non-shrink grout placed between the jacket and the column 
exterior during installation. Non-shrink grout thickness was assumed equal to 0.25 in, 
which corresponds to the most common value used by different research groups included 
in the jacketed column database. Table 7-2 lists the different flexural stiffnesses (EI) used 
to model columns in each of the frames depending on the jacket type utilized. These 
values were calculated using the design values shown in Table 7-1. The increased 
stiffness in the uniaxial model was added by increasing its moment of inertia. This 
increased moment of inertia was also added to the middle section of columns that used a 
full height steel jacket. 
Table 7-2 Stiffness of as-built and jacketed colum 
 As built FRP jacketed Steel jacketed 
Frame ܧܫ (݇݅݌ ∙ ݅݊ଶݔ10଺) ܧܫ (݇݅݌ ∙ ݅݊ଶݔ10଺) ܧܫ (݇݅݌ ∙ ݅݊ଶݔ10଺) 
2 Story 99.7 99.7 204.7 
4 Story 48.1 48.1 154.2 
8 Story* 99.7 (187.7) 99.7 (187.7) 280.2 (350.3) 
* The 8 story frame has different cross section geometry for outer and inner columns the inner column 
values is shown within the parenthesis 
7.3.1. Calibration of Hysteretic Behavior of Jacketed Columns 
The jacketed column hysteretic behavior is significantly different from that of an 
as-built column. The cyclic behavior changes depending on the existing conditions prior 
to jacketing, the deficiency and the jacketing material. To have a representative behavior 
that could be used to analyze the retrofitted frames, a calibration process was carried out 
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on 5 columns for each jacketing material for a total of 10 columns. The calibration 
parameters, described in Chapter 6 Section 6.2.1, for each of these 10 columns are shown 
in Table 7-3. Figure 7-3, Figure 7-4 and Figure 7-5 show the response of three different 
calibrated jacketed columns. Figure 7-3 and Figure 7-4, although both were retrofitted 
with FRP jackets, show very different behavior. Figure 7-5 shows calibration for a steel 
jacketed column. The rest of the calibrated columns are shown in Appendix C. Both FRP 
calibrations showed a constant low degradation at low displacement demand and a 
sudden drop at high displacements near the end of the test. Steel jacketed columns on the 
other hand do not show much degradation at low displacements but the degradation 
continues as the deformation keeps increasing. From the calibration process the mean 
values of the parameters were used to represent the jacketed column behavior in the 
frame models. Because of the observed differences in behavior, different calibration 
factors were used according to the type of jacketing material.  
Table 7-3 Calibration pinching and degradation paramters for steel and FRP jacketed RC 
columns 
Jacketing 
Material Column 
Ratio of 
Reloading 
Stiffness 
Force ratio of 
reloading  
(+/-) 
ߛ௦ ߛ௞ ܿ௦ = ܿ௞ 
FRP 
CRFP15 0.2 0.4 2.0 5.0 1 
RS-R3 0.1 0.6 1.4 1.2 1 
CF-R3 0.1 0.9 1.2 2.0 1 
SC2 0.1 0.65 3.0 5.0 1 
ASC-6NS 0.1 0.9 1.0 4.0 1 
Steel 
SC8 0.25 0.3 1.3 10.5 1 
Chai 4 0.25 0.78 5.0 10.5 1 
C2R 0.1 0.9 5.0 10.0 1 
R2R 0.1 0.9 5.0 10.0 1 
RC-3R 0.25 0.75 3.0 10.0 1 
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Reference column CFRP15 from Breña and Schlick (2007) 
Figure 7-3 Calibrated FRP jacketed RC column 
 
Reference column CF-R3 from Haroun and Elsanadedy (2005) 
Figure 7-4 Calibrated steel jacketed RC column 
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Reference column C2R from Priestly et. al (1994) 
Figure 7-5 Calibrated steel jacketed RC column 
7.3.2. Analysis and Results 
Only columns within the first story were initially jacketed based on the observed 
mechanism that resulted in failure of as-built frames. The incremental dynamic analysis 
(IDA) procedure employed to analyze as-built frames was used in the retrofitted frame 
analysis. The retrofitted frames were again analyzed for the same suite of earthquake 
ground motions that were used in the as-build frames. The resulting IDA curves for the 2, 
4 and 8-story retrofitted frames are shown in Figure 7-6 Figure 7-7 and Figure 7-8, 
respectively. The 2-story frame shows, that after jacketing the highest value of SaT1 is 
almost double that of the as-built counter part. The 4-story frame had an increase in in its 
maximum value of SaT1 but the increase in ductility is hard to quantify by observing the 
IDA plots. The 8-story frame on the other hand, with the exception of a few earthquake 
records, does not show a significant increase in values of SaT1 or ductility. The 4 and 8-
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story jacketed frames, unlike the as-built condition, did not reach collapse at the highest 
tested scale factor for several earthquake records. The retrofitted frames lowest natural 
periods are listed in Table 7-4. The mode shapes corresponding to the first three natural 
periods are shown in Figure 7-9. 
 
 
(a) FRP jacket on the 1st story 
 
(b) Steel jacket on the 1st story 
Figure 7-6 IDA plots for retrofitted 2-story frame 
 
(a) FRP jacket on the 1st story 
 
(b) Steel jacket on the 1st story 
Figure 7-7 IDA plots for retrofitted 4-story frames 
146 
 
 
(a) FRP jacket on the 1st story 
 
(b) Steel jacket on the 1st story 
Figure 7-8 IDA plots for retrofitted 8-story frames 
Table 7-4 Frames fundamental periods 
Frame 1st Mode Period 
(s) 
2nd Mode 
Period (s) 
3rd Mode 
Period (s) 
4th Mode Period 
(s) 
2-Story 0.45 0.13 - - 
4-Story 1.09 0.34 0.19 - 
8-Story 2.07 0.66 0.35 0.22 
 
2-
st
or
y 
(a) 1st mode shape (b) 2nd  mode shape  
4-
st
or
y 
(c) 1st mode shape (d) 2nd  mode shape (e) 3rd   mode shape 
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8-
st
or
y 
(f) 1st mode shape (g) 2nd  mode shape (h) 3rd   mode shape 
Figure 7-9 Mode shapes for the 2, 4 and 8-story frames 
The failure mechanisms observed in all the frames with only first-story columns 
jacketed  still corresponded to inter-story mechanims, so jacketing was not successful in 
creating other than inter-story mechanisms. The inter-story mechanim locations that 
contributed to collapse of each frame are shown in Figure 7-10. Hinging in the 2-story 
frame still concentrated within the 1st story as in the as-built frame. When comparing the 
locations of the interstory mechanims for the 4-story frame with FRP jackets, 16 
earthquake records had a interstory mechanism at at higher stories which is shown in 
Figure 7-10b. For the case of steel jacketed frames 40 earthquake records produced 
failure in a at higher stories with a concentration on the 3rd inter-story as shown in Figure 
7-10b. The difference between jacketing materials is attributed to the increase in stiffness 
in the first story when using steel jackets. Lastly the failure mechanism of the 8-story 
frame jacketed on the first story concentrated on inter-story mechanism. The failures 
concentrated on the 1st story and did not changed in a significant way compared to the as-
built frame. Furthermore there are no clear concentration of inter-story mechanims in any 
other inter-story.  
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(a) 2-story frame (b) 4-story frame 
 
(c) 8-story frame 
Figure 7-10 Collapse distribution in the 3 frames jacketed on the 1st story with both FRP 
and steel jackets 
The 2-story frame had an increase in the maximum scale of SaT1 to create a failure 
mechanism with no change in its location. It was evident that adding jackets to columns 
in the second story would not change the failure mechanism so this scheme was not 
investigated. For the 4-story and 8-story frame, by only jacketing columns in the first 
story there was an increased number of column failures that occurred in higher stories, 
although the majority of column failures still concentrated in the first story. Also for the 
4-story and 8-story frames, a collapse mechanism did not develop for some ground 
motions when subjected to the largest tested scaled. All columns in the second story for 
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both, the 4-story and 8-story frames were selected for retrofit by jacketing to investigate 
if this had an impact on the distribution of damage in upper floors. Column failures did 
not concentrate in a particular floor above the first when only the first story columns were 
jacketed although a higher number of failures occurred in the 3rd story of the 4-story 
frame and the upper half of stories in the 8-story frame. The same design parameters were 
used for the second story columns as those for the first story columns (Table 7-1). 
 The resulting IDA plots for the 4-story and 8-story frame jacketed on the 1st and 
2nd story are shown in Figure 7-11 and Figure 7-12. Retrofitting the 1st and 2nd story 
columns showed a clear increase in the maximum values of SaT1 when compared with the 
as-built frames. On the other hand when compared to the frames jacketed only the 1st 
story the difference is not as prominent. Figure 7-13 shows the intestory mechanism 
location for each frame. Figure 7-13 shows the failure locations as a histogram and 
includes the frames in its as-build and the two jacketing schemes used. This shows the 
differences between retrofiting different stories in these frames compared to its as-built 
condition. On the other hand, as observed in Figure 7-13 the failure concentrations do not 
change significantly between jacketing the 1st or the 1st and 2nd story columns. For the 2-
story frame, as mentioned above, the failure did not move from the first story with the 
exception of one earthquake record when using steel jackets. As shown Figure 7-13b, the 
4-story frame failure location started to move to higher stories depending on the jacketing 
material and scheme, with the highest number of failures at other stories when using steel 
jacketing on the first two story columns. In the case of the 8-story frame (shown in Figure 
7-13c) the failure location for several earthquake records changed but did not concentrate 
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on any other particular story. It however can be observed that a higher number of failure 
mechanism formed in the 5th, 6th and 7th story of the frame.  
 
(a) FRP jackets on 1st and 2nd story 
columns 
 
(b) Steel jackets on 1st and 2nd story 
columns 
Figure 7-11 IDA plots for retrofitted 4-story frame 
 
(a) FRP jackets on 1st and 2nd story 
columns 
 
(b) Steel jackets on 1st and 2nd story 
columns 
Figure 7-12 IDA plots for retrofitted 8-story frames 
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(a) 2-story frame 
 
(b) 4-story frame 
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(c) 8-story frame 
Figure 7-13 1st interstory mechinsm location for each frame 
7.4. Summary and Conclusions  
This chapter showed the design and analysis of column jacketing for the as-built 
frames studied in Chapter 6. These frames were of 2-, 4- and 8-story. The frames 
behavior in as-built condition had a concentration of failure mechanisms in the 1st inter-
story. With this knowledge, all frames 1st story columns were jacketed with steel and FRP 
jackets for which separate models were created. The procedure shown in Chapter 3 was 
used to design the jacket thickness and length. The jackets increased the lateral 
deformation capacity, strength and in cases where steel jackets where added through the 
length of the column the stiffness for each column. The jacketed frames modeling 
followed the same procedure as the as-built frames. The increased strength and ductility 
were added to the jacketed columns through the frame. With all the jacketed column 
properties the frames were analyzed through a suite of earthquakes described in Chapter 
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6 following the “Incremental Dynamic Analysis” (IDA) presented by Vamvatsikos and 
Cornell (2002).  
The results from the analysis showed the IDA plots and the location where a 
collapse mechanism formed. The location of collapse for the 2-story frame did not 
changed in the jacketed frames. For the 4-story frames the location where the collapse 
mechanism changed to either the 2nd or 3rd inter-story. It was noted that after jacketing the 
bottom two story columns, a second concentration of failure locations appeared on the 3rd 
inter-story. The 8-story frame had a concentration of failure mechanism on the 1st story 
with a few others on higher stories. The concentration of failure on the 1st story was not 
changed after column jacketing but several earthquake records failures moved to inter-
stories at higher levels. For the 8-story frames there were no concentrations of failures at 
other stories after jacketing.  
The IDA plots showed the frames required scales of SaT1 to create a collapse 
mechanism for all earthquake records. Differences were observed for both as-built and 
jacketed frames but could not be quantified at this moment. A statistical analysis of the 
IDA results will be discussed in length on Chapter 8. The variables analyzed are the SaT1 
to create a collapse mechanism and the different values of SaT1 to reach specified inter-
story deformations. The statistical analysis measures the difference between the as-built 
and jacketed frames as well as the difference between jacketing schemes and materials. 
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CHAPTER 8 
 ANALYSIS OF RESULTS OF RETROFITTED FRAMES 
Chapter 6 presents the modeling and analysis of as-built frames. The incremental 
dynamic analysis (IDA) results were presented in plots that depict inter-story drift (%) 
against values of first period spectral acceleration, SaT1 (g). The results indicated that 
failure concentrated on different stories depending on frame height. As-built frames 
details resulted in deficient performance after earthquakes. To mitigate potentially poor 
performance of existing frames, details were corrected as described in Chapter 7 by 
jacketed columns beginning at the 1st story, the story where most damage concentrated in 
the original frames. IDA plots were constructed for the retrofitted frames, and the 
location where damage concentrated that produced eventual collapse of the retrofitted 
frames was identified in Chapter 7.  This same process was carried for a frame jacketed 
on the 1st and 2nd story columns. 
This chapter will discuss the results obtained from modeling and analysis of 
retrofitted frames and describe the change in capacity before and after jacketing for the 
three frames with the different jacketing schemes. This chapter will discuss the 
mechanisms that led to collapse of the frames as well as the different levels of lateral 
deformation reached at different loading levels.  
8.1. Analysis of IDA Collapse Results 
Frame collapse was defined when the lateral drift (global or interstory) reached 
7% resulting in the formation of a collapse mechanism as discussed in Chapter 7. The 
dominant collapse mechanism across all frames and ground motions was inter-story 
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failure of the first story. As shown in Figure 6-11a this failure mechanism is controlled by 
column deformation capacity. An increase in deformation capacity of the first story 
columns was selected as the retrofitting scheme.  Column jacketing was identified as a 
retrofitting technique as described in Chapter 7. The increased deformation capacity of 
the jacketed columns in the critical first story caused failure to occur in other stories as 
shown in Figure 7-13.  This figure alone, however, does not paint a clear picture of the 
enhanced capacity of the frame after column jacketing.  In this chapter, frame collapse 
will be studied by determining the value of SaT1 prior to reaching collapse of the 
retrofitted frames, and comparing these values to those associated with as-built frames. 
Figure 8-1 shows the frequency of collapse, for the 2-story frame jacketed on the 1st story 
with fiber reinforced polymers (FRP), obtained from the SaT1 (measure of lateral 
strength) values from the IDA curve. The red line in Figure 8-1 depicts the frequency of 
collapse obtained from the number of earthquake records that created a collapse 
mechanism for different values of SaT1.  These values were used to compare frames in as-
built and jacketed condition; because of this the frequency of collapse will be shown 
without the IDA curves and on the horizontal axis as shown in Figure 8-2. 
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Figure 8-1 Example of collapse results from IDA plots from the 2-story frame jacketed 
on the 1st story with FRP 
 
Figure 8-2 Example of collapse frequency for the 2-story frame jacketed on the 1st  story 
with FRP 
 These results gave the values of SaT1 to reach collapse. From these results a 
statistical analysis was conducted from which the cumulative density functions (CDF) for 
the values of SaT1 to reach collapse were obtained. The CDF, from these values, show the 
probability of collapse (P[Collapse]) for different values of SaT1. An example of a CDF 
plot, obtained using the values from Figure 8-1 is shown on Figure 8-3. The same 
157 
 
procedure was used for the frames of 2-story, 4-story and 8-story in as-built and jacketed 
condition.  
 
Figure 8-3 CDF for the 2-story frame jacketed on the 1st story with FRP 
8.1.1. Collapse Behavior of 2-Story Frame 
The 2-story frame had a concentration of failures on the first story columns, even 
after jacketing. However, the frame strength as measured by SaT1 increased notably 
compared with the as-built condition. Figure 8-4a shows the collapse frequency of the 2-
story frame for each value of SaT1. As the peaks are the main information obtained from 
this figure, the bin sizes were changed to better fit the individual data. The bin size of the 
as-built was of 0.12g and of the FRP and steel jacketed on the first story was of 0.24g.  
As observed the highest number of collapses occurred at values of SaT1 approximately 
equal to 2g, compared with a higher collapse frequency of 1g that was characteristic of 
the as-built frame. While the minimum SaT1 to reach collapse did not change significantly 
the maximum values achieved are nearly double those of the as-built frame. From these 
values a statistical analysis was conducted and the cumulative density or probability of 
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collapse (P[Collapse]) curves were obtained. The P[Collapse] curves for the 2 story 
frame in both as-built and jacketed conditions are shown in Figure 8-4b. When 
comparing the frames in as-built and jacketed condition, Figure 8-4b shows the change in 
probability for each value of SaT1. The P[Collapse] drastically changes after values of 
SaT1 = 0.7g. For the 2 story frame the design spectral acceleration shown in Chapter 6, 
(DSA, using design earthquake of 2% in 50 yrs) has a value of 1.33g and the maximum 
credible earthquake (MCE) has a value of 2.0g. From these values there is a reduction in 
probability of collapse for the design spectral acceleration from a value of 46% for the as-
built to 6% for the retrofitted. This same comparison for the MCE probability of collapse 
changes from 97% for the as-built frame to a 34% for the retrofitted frame.  
(a) (b) 
Figure 8-4 Frequency and probability of collapse for the 2-story frame 
The comparisons made between the as-built and the retrofitted frames show a 
large improvement in behavior after jacketing. Between jacketing materials, on the other 
hand, there is no significant change in the probability and frequency of collapse. The two 
jacketing materials create peaks in the same region and have similar maximum and 
similar frequency of collapse through the SaT1 values. This is further noticed in Figure 
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8-4b with the two probability curves. As mentioned above, for the 2-story frames the 
behavior is controlled by the 1st story columns. As the maximum capacity and 
deformation capacity of the jacketed column is similar frequency and probability of 
collapse is then expected to be similar.  
8.1.2. Collapse Behavior of 4-Story Frame 
Most column failures in the 4-story frame in the as-built condition were 
concentrated on the 1st story.  After jacketing the 1st story columns, however, a number of 
failures occurred in higher story columns. By preventing early failures of 1st story 
columns higher demands were placed in columns in upper stories, which lead to 
formation of story mechanisms of higher floors. Even though the failure was 
concentrated on higher stories a clear increase in the frequency of failures at higher SaT1 
can be observed in Figure 8-5a. The bin size of the as-built was of 0.035g and of the FRP 
jacketed on the first story was of 0.055 and steel jacketed on the first story was of 0.045g.  
A larger number of failures moved from occurring at 0.20g for the as-built to 0.29g for 
the FRP jacketed and 0.35g for the steel jacketed columns. Also, like for the 2-story 
frame, when comparing the maximum and minimum SaT1 that as built and retrofitted 
frames were able to develop prior to collapse, the minimum values are similar and the 
maximum values are almost twice of those reached by the 4-story frame in its as-built 
condition. The P[Collapse] plots show on Figure 8-5b further show the increase in SaT1 
after jacketing. By comparing the probability of collapse for design spectral acceleration 
it decreased from 51% for the as-built to 4% for jacketed with both jacketing materials. 
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For the MCE the probability of collapse was reduced from 75% to 31% for both jacketing 
materials.  
The compared behavior between jacketing materials does not differ greatly when 
looking at the probability of collapse curves. The frequency curves on the other hand 
show some difference in the concentrations of collapse. The steel jacketed columns have 
a concentration of collapse at a lower value of SaT1. This can be due to the increased 
stiffness. This increased stiffness can increase the forces developed on jacketed columns 
at low demands (SaT1). further increasing the deformation demands on higher stories.  
 
(a) 
 
(b) 
Figure 8-5  Frequency of collapse and probability of collapse of a 4-story frame 
retrofitted on the 1st story 
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For the 4-story frame, a second set of analysis involved frames jacketed on the 1st 
and 2nd story columns with the goal of investigating whether further improvements in the 
collapse behavior of this frame could be realized. The column failures of the frame 
jacketed in the first two stories moved to stories where columns were not jacketed, with 
another concentration of column failures occurring in the 3rd story. The collapse 
frequencies shown in Figure 8-6a are highest for values of SaT1 equal to 0.33g and 0.40g 
for steel and FRP jackets, respectively, compared to the values of 0.22g for the as-built 
frame. The bin size of the FRP and steel jacketed on the first and second story was of 
0.035g.   Figure 8-6a has an additional set of bars which show the amount of earthquake 
records that did not reach collapse at the given scales but might create a collapse 
mechanism at higher scales of SaT1. The jacketed frames have distribution with a lower 
spread from the mean (variance) than the as-built frames. The probability of collapse 
shown in Figure 8-6b shows a noticeable increase in the required SaT1 to reach collapse 
but the maximum SaT1 peaks at similar values with the exception of the ground motions 
which did not reach collapse. Compared to the design spectral acceleration the collapse 
probability is reduced from 51% to 4% for both jacketing materials. The MCE have 
different values depending on jacketing material, the as-built as mentioned is 75% while 
the FRP jacketed has a 24% and the steel jacketed 28% probability of collapse. There are 
small locations within the P[Collapse] curves in which these two jacketing material have 
different probabilities which can be as large as 8% difference.  
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(a) 
 
(b) 
Figure 8-6 Frequency of collapse and probability of collapse of a 4-story frame retrofitted 
on the 1st and 2nd story 
Differences were observed in the behavior of the frames when columns 1st-story 
columns were retrofitted compared with retrofitting columns in the first two stories. 
Figure 8-7a shows a histogram that illustrates the frequency distribution of frames that 
reached different levels of SaT1. Figure 8-7b shows the probability of collapse for both 
FRP jacketing schemes in comparison with the as-built frame. As observed the frame 
jacketed on the 1st story has a higher variance than the frame jacketed on the fisrt two 
story columns. On the other hand the peak frequencies of the frame jacketed on the 1st 
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and 2nd story are concentrated at a higher value SaT1 while also having less frequency of 
collapse at the lower values of SaT1. The frequencies are similar for both jacketing 
materials with the exception of the peak frequencies which are around 0.15g apart. 
Similar to the 4-story frames jacketed on the 1st story, this difference can be attributed to 
the increased stiffness for the frames jacketed with steel which develop higher forces at 
lower scales of SaT1. With the frequencies being so similar the P[Collapse] curves shows 
similar probabilities for both jacketing schemes for different values of SaT1.. The few 
ground motions which cause collapse at values of SaT1 greater than 0.8g do not generate 
collapse when the frame is columns are jacketed in the first two stories. Table 8-1 lists 
individual values of SaT1 at selected probabilities of collapse in percent. As observed in 
Table 8-1 there are little differences in the values to reach collapse for different 
probabilities for the different retrofitting schemes.  
 
(a) 
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(b) 
Figure 8-7 Frequency of collapse and probability of collapse of a 4-story frame retrofitted 
with FRP jackets 
The 2 jacketing schemes (columns in first floor and columns in bottom two 
floors) using steel jackets exhibited a different behavior to that of the FRP jacketed 
columns. The frequency histograms and probability of collapse curves are shown in 
Figure 8-8. Both jacketing schemes that involve column steel jacketing have a similar 
minimum and maximum scales of SaT1 with peaks in relatively similar locations as 
shown in Figure 8-8a. Jacketing 2 stories of the 4-story frame did not change the 
frequency of frames that reached specific values of SaT1 significantly. This can be 
concluded from observing little differences in Figure 8-8a and in Figure 8-8b. Table 8-1 
further shows the similarity in values of SaT1 for the same selected probabilities of 
collapse as those used for the column FRP jacketing schemes.  
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(a) 
 
(b) 
Figure 8-8 Frequency of collapse and probability of collapse of a 4-story frame retrofitted 
with Steel jackets 
 
Table 8-1 Collapse values SaT1 values for different probabilities for the 4-story frame 
Probability 
of Collapse 
As-built 
SaT1 (g)  
FRP 1st SaT1 
(g) 
FRP 1st and 
2nd SaT1 (g) 
Steel 1st 
SaT1 (g) 
Steel 1st and 
2nd SaT1 (g) 
10 0.14 0.22 0.24 0.24 0.25 
20 0.16 0.28 0.28 0.27 0.27 
30 0.18 0.31 0.33 0.30 0.30 
40 0.20 0.34 0.36 0.33 0.33 
50 0.21 0.39 0.39 0.36 0.39 
60 0.23 0.44 0.41 0.41 0.42 
70 0.26 0.47 0.44 0.45 0.47 
80 0.32 0.52 0.51 0.51 0.52 
90 0.34 0.63 0.63 0.57 0.58 
166 
 
 
8.1.3. Collapse Behavior of 8-Story Frame 
All 8-story frame failures involved story mechanisms as was observed for the 2-
story and 4-story frames. The as-built frame mechanism formed primarily on the 1st inter-
story. After column jacketing in two different stories some ground motions generated 
collapse mechanisms to upper stories but there was no clear concentration on a particular 
story. Column jacketing increased the values of SaT1 frames were able to reach but not in 
the same proportion as in the 2-story and 4-story frames. A comparison of frame 
performance improvement depending on jacket type is presented in Figure 8-13, for 
frames with columns jacketed in the first story. The bin size of the as-built was of 0.030g 
and of the FRP jacketed on the first story was of 0.025 and steel jacketed on the first 
story was of 0.030g.  From Figure 8-13a it was observed that maximum and minimum 
values of SaT1 of both jacketed and as-built are similar. The peak frequencies are at 
similar values of SaT1 for the as-built frame and the frames jacketed with steel or FRP 
materials on the 1st story columns. A difference can be noted between 0.15 and 0.2 SaT1. 
Between these values the frame with steel jackets has a smaller frequency of collapse 
from that of the FRP jacketed. Figure 8-13b shows a comparison of the probability of 
collapse at different values of SaT1 of the as-built frame and the frames including 1st story 
column retrofitting with either FRP or steel jackets. The collapse probability for the as-
built and jacketed frames did changed.  The probability of collapse decreased at the 
design spectral acceleration and MCE acceleration. The decrease in probability of 
collapse was that of 14% for the 1st FRP and 16% for the 1st steel for the design spectral 
acceleration and 15% for 1st FRP and 11% for 1st steel for MCE acceleration. Figure 
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8-13b also shows  minimal change in behavior between jacketing materials probability of 
collapse.  
 
(a) 
 
(b) 
Figure 8-9  Frequency of collapse and probability of collapse of a 8-story frame 
retrofitted on the 1st story 
After jacketing the first story columns the frames was analyzed with the bottom 
two stories columns jacketed. The collapse frequency and probability of collapse are 
shown in Figure 8-10. The bin size of the jacketed on the first and second story was of 
0.030 and 0.025 for FRP and steel materials respectively.   Similar to the 8-story frames 
jacketed on the first story columns the minimum and maximum SaT1 to create a collapse 
mechanism is similar to that of the as-built condition. Figure 8-10a shows the peak 
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frequency for frames with both materials at similar values of SaT1 and at a slightly higher 
values than that of the as-built frame. Unlike the jacketed frames observed so far, there is 
a significant increase in the earthquake records that that did not reach collapse using FRP 
jackets.  Figure 8-10a also shows differences in frequency of collapse between 0.15g to 
0.2g and between 0.27 and 0.4g values of SaT1 between jacketing materials.  The 
P[Collapse] show a reduced probability of collapse but not as drastic as in smaller frames 
(Figure 8-10b). After values of SaT1 of 0.3g there is noticeable difference that is due to 
the ground motions that did not reach collapse (Figure 8-10b).  
 
(a) 
 
(b) 
Figure 8-10 Frequency of collapse and probability of collapse of a 8 story frame 
retrofitted on the 1st and 2nd story 
 
169 
 
Table 8-2 summarizes the values of SaT1 required to form a collapse mechanism 
for selected probabilities for the 8 story frame with the different retrofitting schemes. It 
can be observed that the increase in SaT1 is relatively small at all levels of probability 
with a 15-23% difference at the 50% probability. The largest change in probability of 
collapse can be seen at 90% probability of collapse in which the increase in capacity 
reaches 0.12g. This increase can be attributed to the earthquake records that did not reach 
collapse at the scales tested.  
Table 8-2 Collapse values SaT1 values for different probabilities for the 8 story frame 
Probability 
of Collapse 
As-built 
SaT1 (g) 
FRP 1st SaT1 
(g) 
FRP 1st and 
2nd SaT1 (g) 
Steel 1st 
SaT1 (g) 
Steel 1st and 
2nd SaT1 (g) 
10 0.10 0.13 0.12 0.15 0.13 
20 0.13 0.16 0.15 0.16 0.16 
30 0.15 0.19 0.17 0.21 0.19 
40 0.18 0.21 0.20 0.22 0.22 
50 0.19 0.23 0.22 0.24 0.23 
60 0.22 0.26 0.25 0.25 0.24 
70 0.24 0.27 0.27 0.28 0.27 
80 0.28 0.31 0.32 0.31 0.32 
90 0.30 0.37 0.42 0.38 0.37 
 
 The 8 story frame does not show a significant increase in lateral capacity 
(measured with values of SaT1) after jacketing on the 1st or 1st and 2nd story columns. This 
result indicates that other retrofitting schemes might be necessary to impact the 8-story 
frame performance significantly. 
8.2. First period spectral acceleration at selected drifts 
Seismic performance-based design of buildings is based on satisfying established 
acceptance criteria (immediate occupancy, life safety and collapse prevention). 
Acceptance criteria are normally established in connection with component deformation, 
such as those included in Table 4.2 of the ACI 369-R11. Acceptance criteria have not 
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been proposed for jacketed elements to date, particularly jacketed columns. In order to 
study the effect of jacketed columns on frame behavior this research project selected 
values of inter-story drift as a measure of performance levels for the retrofitted frames. 
Large story drift has often been linked to damage of frames after earthquakes. The drift 
and the estimated displacement ductility (ߤ୼) values at which frame performance was 
investigated in this research are: 
- 0.4% drift (ߤ୼ < 1) 
- 1.0% drift (ߤ୼~2) 
- 2.0% drift (ߤ୼~4; jacket design requirement) 
- 3.0% drift (ߤ୼~6) 
These values were chosen following the expected location within the column backbone as 
shown in Figure 8-11. With the yield deformation of the columns around 0.5% drift these 
values correspond to different levels of displacement ductility. Furthermore the expected 
behaviors within the column backbone for the different deformation values are: linear, 
initiation of hardening, plastic and near-peak plastic as shown in Figure 8-11. The actual 
location within the column backbone might be different due to strength degradation 
through cycle.  
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Figure 8-11 Jacketed column backbone with studied deformation levels 
In order to study frame lateral capacity (measured in values of SaT1) at each drift 
level the SaT1 values associated with each selected drift level was established for the suite 
of ground motions acting on the frames with three different heights (2-, 4- and 8-story) in 
their as-built or retrofitted with column jacketing condition. The SaT1 individual values 
were extracted from the IDA curves to obtain the required value of SaT1 as shown in 
Figure 8-12. The process was conducted for each frame at the four drifts indicated above 
and illustrated in Figure 8-9. From these values of SaT1 frequency plots were created that 
present the frequency at which a certain deformation is reached given a value of SaT1. The 
story drift on the IDA curves is that of the story with the maximum drift for each scaled 
ground motion. This means that not all curves correspond to drift in the same story, but 
rather the drift connected to the story where a collapse mechanism formed for each 
ground motion. Therefore this section is more representative of overall frame behavior 
and not individual story performance. 
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Figure 8-12 Deformation stages in IDA plot 
8.2.1. First period spectral accelerations for different drift levels: 2-story frame 
The collapse of the 2-story frame in particular concentrated on the 1st story. The 
highest drift demands in the 2-story frame concentrated in the first story. Therefore, the 
values of SaT1 were only computed for this story for all the ground motions to which this 
frame was subjected.. Figure 8-13 shows histograms depicting the frequency of ground 
motions within the suite of analysis earthquakes for which a selected value of SaT1 was 
reached.  The figure shows histograms for the different levels of drift used to establish 
frame performance. Figure 8-13a show the results for 0.4% drift. At this level of 
deformation it is observed that the 2-story frame has peak frequencies at the same value 
but different magnitude. The steel jacket has the highest magnitude followed by FRP and 
then as-build. The maximum and minimum values of SaT1 to reach this deformation are 
the same for all 3 frames. Within the linear response region for the 2-story frame the 
jacketed and as-built frames have similar stiffness’s and therefore are expected to have 
similar behavior. At 1% drift, where initiation of hardening behavior would be 
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anticipated (Figure 8-13b), the retrofitted values differ slightly compared with the frame 
response in its as-built condition. This difference may be attributed to differences in the 
hardening slope, which is different in as-built and jacketed columns. At 2% drift (Figure 
8-13c) the frequency histograms of the jacketed frames start shifting to the right 
indicating a larger number of analyses (ground motions) that need to be scaled to higher 
values of SaT1 to reach this deformation. At 2% drift columns in the as-built frame have 
mostly reached deformation corresponding to peak force and may already be at 
deformations in the post-peak part of the column backbone curve. At 3% drift (Figure 
8-13d) the increase in capacity is observed as the maximum and minimum values 
between the as-built and jacketed are very different. At this level of deformation the 
frequency histogram is similar to that presented in Figure 8-4, which represents the 
frequency of frames that reached a collapse mechanism at different SaT1 scaling levels. 
The frames were retrofitted to enable them to develop a displacement ductility of ߤ୼ = 4 
following the procedure proposed by Priestly et al..  Therefore at 3% inter-story drift, 
corresponding roughly to adisplacement ductility of ߤ୼~4 shows that peak frequencies 
moved 0.5g and the spread from the mean increased significantly.  
(a) 0.4% Drift (b) 1% Drift 
174 
 
 
(a) 2% Drift (d) 3% Drift 
Figure 8-13 Frequency of SaT1 to reach different levels of deformation: (a) 0.4% drift; 
(b) 1.0% drift; (c) 2.0% drift; (d) 3% drift 
8.2.2. First period spectral accelerations for different drift levels: 4-story frame 
The highest drifts in the 4-story frame, unlike the 2-story frame, did not only 
develop in the 1st story but occasionally occurred in other stories. Figure 8-14 shows 
histograms depicting the frequency of ground motions within the suite of analysis 
earthquakes for which a selected value of SaT1 was reached.   At 0.4% drift (Figure 8-14a) 
the behavior from the as-built frame and the frame jacketed on the 1st story columns are 
similar. There is an increase frequency for the frame with steel jacketed columns. This 
could be due to the full length steel jacket around columns that increases the stiffness of 
the column. At 1% drift (Figure 8-14b) difference are noted for the different jacketing 
materials. The frame jacketed with FRP on the 1st story columns has a similar spread 
from the mean with a slight of-set to the right. The steel jacketed on the 1st story columns 
on the other hand shows a significant increase in required acceleration to reach this 
deformation. At 2% drift (Figure 8-14c), which is also close to the design deformation, 
both jacketing system show a significant increase from the as-built frame. This increase is 
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further showed at 3% drift (Figure 8-14d) where there is a increase in the spread from the 
mean and the peak frequencies at higher scale levels of SaT1.  The 4-story frame jacketed 
only on the 1st story columns has a significant increase in SaT1 for design deformation. It 
should be note that the values of SaT1 at peak frequencies to reach this deformation have 
a 40% and less than 10% probability of collapse for as-built and jacketed on the 1st story 
columns respectively as noted on Table 8-1.  
(a) 0.4% Drift (b) 1% Drift 
(a) 2% Drift (d) 3% Drift 
Figure 8-14 Frequency of SaT1 to reach different levels of deformation for the 4 story 
frame retrofitted on the 1st story: (a) 0.4% drift; (b) 1.0% drift; (c) 2.0% drift; (d) 3% drift 
The results for the 4-story frame jacketed on the 1st and 2nd story columns are 
shown in Figure 8-15. At 0.4% drift (Figure 8-15a) there is no difference in the behavior 
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between as-built and FRP jacketed frame. On the other hand the steel jacketed frame 
shows lower peaks at low values of SaT1 and larger spread from the mean. The scale 
ofSaT1 required to reach 1% drift (Figure 8-15b) is different for the 3 frames. The as-built 
requires the lowest scale of SaT1 compared to both jacketing systems The FRP jacketed 
frame has a slight increase in values of SaT1 from that of the as-built condition and the 
steel jacketed has the largest increase in scale and the largest spread from the mean. 
Figure 8-15c shows the scale of SaT1 required to reach 2% drift after jacketing the 1st and 
2nd story columns. As in the frames jacketed only on the 1st story columns the value of 
SaT1 required to reach this level of deformation is the value in which 40% of the ground 
motions reached collapse for the as-built condition and 10% for the jacketed frame. At 
3% drift (Figure 8-15d) it is observed that the FRP jacketed frame requires a higher scale 
of SaT1 than the steel jacketed frame. This can be due to the fact the on the frame with 
steel jacketed columns a greater amount of collapse mechanisms formed on other inter-
stories.  
(a) 0.4% Drift (b) 1% Drift 
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(a) 2% Drift (d) 3% Drift 
Figure 8-15 Frequency of SaT1 to reach different levels of deformation for the 4 story 
frame retrofitted on the 1st and 2nd story: (a) 0.4% drift; (b) 1.0% drift; (c) 2.0% drift; (d) 
3% drift 
8.2.3. First period spectral accelerations for different drift levels: 8-story frame 
Regardless of retrofitting scheme the 8 story frame behavior at collapse was the 
least changed as shown in Table 8-2. The scale of SaT1 required to reach different 
deformation levels between as-built and jacketed on the 1st story columns is shown in 
Figure 8-16. No difference was observed when comparing the SaT1 required to reach 
0.4% drift (Figure 8-16a) between as-built and FRP jacketed on the 1st story columns. 
The steel jacketed on the other hand show a movement in its peak frequency due to its 
increase in stiffness. Similar behavior is observed at 1% drift (Figure 8-16b). The SaT1 
value required to reach 2% drift (Figure 8-16b) has a similar spread of values from the 
mean but the peak frequencies are observed at higher values of SaT1 than that of the as-
built frame. The peak frequencies can be observed around 0.15g at which 30% of the 
ground motions on the as-built frame reached collapse and 10% for the jacketed frame. 
At 3% drift (Figure 8-16d) the variability between the as-built and jacketed is similar 
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with the jacketed having a slightly larger value of SaT1. This increased both the peaks and 
maximum scale of SaT1 required to reach this deformation.  
(a) 0.4% Drift (b) 1% Drift 
 
(b) 2% Drift (d) 3% Drift 
Figure 8-16 Frequency of SaT1 to reach different levels of deformation for the 8 story 
frame retrofitted on the 1st story: (a) 0.4% drift; (b) 1.0% drift; (c) 2.0% drift; (d) 3% drift 
Finally Figure 8-17 shows the demand required to reach different deformation 
levels for the 8-story frame as-built and jacketed on the 1st and 2nd story columns. As in 
the previous frames at 0.4% drift (Figure 8-17a) with the exception of the increase of the 
steel jacketed frame the behavior is equal. Reaching 1% drift (Figure 8-17b) the as-built 
and FRP jacketed frame have similar behavior but the steel jacketed have a concentration 
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at 0.1g to reach this deformation. Similar to the frame jacketed on the 1st story columns 
only the SaT1 required to reach 2 % drift (Figure 8-17c) has similar spread from the mean 
but the peaks are slightly higher for the FRP and steel jacketed frames. The peak for FRP 
is around 0.15g while the peak for steel is around 0.18g. These values of SaT1 correspond 
to 10% probability of collapse for the FRP jacketed and less than 30% probability for the 
steel jacketed frame. At 3% drift (Figure 8-17d) the variability is similar to the as-built 
condition with peaks at slightly higher values.  
 
(a) 0.4% Drift 
 
(b) 1% Drift 
 
(b) 2% Drift 
 
(d) 3% Drift 
Figure 8-17 Frequency of SaT1 to reach different levels of deformation for the 8 story 
frame retrofitted on the 1st and 2nd story: (a) 0.4% drift; (b) 1.0% drift; (c) 2.0% drift; (d) 
3% drift 
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8.3. Conclusions 
The IDA gives insight in the behavior of the frames at collapse and different 
levels of deformation. While studying the 3 as-built frames compared to the retrofitted 
counterparts it was observed that all frames had an increase in their overall capacity to 
resist ground motions (measured by the increased scale of SaT1). The 2-story frame with 
jacketed columns had a significant increase in the scale of SaT1 from the as-built 
condition even though as demonstrated on Chapter 7 the collapse concentrated on the 1st 
inter-story after jacketing. The increase in scale of SaT1 was shown to reduce the 
probability of collapse at design spectra and maximum credible earthquake demand. 
When observing the increase in values of SaT1 to reach different levels of deformation it 
was not as significant. This was due to the similar stiffness from the as-built condition. 
The difference was shown at values close to the design displacement ductility (2% drift). 
This is significant since at that value most of the as-built frame had already reached 
collapse. Comparing the 2 jacketing materials did not show significant differences. At 
collapse both jacketing materials have similar deformation capacity and furthermore the 
jackets were concentrated on the hinge regions which did not affect the stiffness 
significantly.  
The 4-story frame like the 2-story frame had a significant increase in SaT1 values 
to reach collapse. It was noted that to reach collapse the SaT1 scale required was almost 
doubled that of the as-built frame. The frames probability of collapse for the design 
spectral acceleration and MCE acceleration were significantly reduced using both 
jacketing materials. At collapse for the same reasons as the 2 story frame both jacketing 
materials have different behaviors. From the study at different deformations it was 
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observed that at lows displacement levels the steel jacketed frames required higher scales 
of SaT1 because of their increased stiffness, but as the deformation values increases the 
differences between FRP and steel jacketed frames decrease. At 2% drift in which the 
columns have a demand close to ߤ୼~4 (design value for jackets) there is a significant 
increase in SaT1 value required to reach this deformation. This shows a positive increase 
in capacity (measured with scaled values of SaT1) for design values for the jacketed 
frames.  
The 8-story frame, unlike the 2 and 4 story frames, had a more subtle increase in 
capacity, which was further noticed in the study at different levels of deformation. The 
spread from the mean, maximums and minimum scales of SaT1 were similar on all 
accounts. With a reduction 12-16% in collapse probability, for the different jacketing 
schemes, for design spectral acceleration and a 11-15% reduction for MCE acceleration. 
In order to see a significant change in the behavior of the 8 story frame a more invasive 
retrofitting schemes should be used.  
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CHAPTER 9 
 INFLUENCE OF PLASTIC DEFORMATION CAPACITY ON FRAME 
BEHAVIOR 
Previous tests on jacketed columns have shown that there is high variability in 
lateral deformations, primarily in the inelastic range. Chapter 5 discussed reinforced 
concrete (RC) jacketed column behavior and the variability associated with lateral 
deformations. This variability is attributed to many factors including existing column 
reinforcing details, jacket application procedure, existing damage, loading history, 
configuration, and others. In this chapter the effect of deformation capacity of jacketed 
columns on the global behavior of the 4-story frame described in Chapter 7 is presented.  
Given that many uncertainties exist on lateral deformation capacity of jacketed columns, 
it was of interest to examine whether variations in plausible deformations might have an 
important impact on a retrofitted frame. 
9.1. Variability of Individual Jacketed Columns 
The variability in test results of jacketed columns was presented and discussed in 
Chapters 4 and 5. In Chapter 4, a database of jacketed columns was presented where key 
backbone parameters obtained during experimental tests were summarized. Each 
experiment in the database had a unique retrofitting scheme, different experimental 
setups, and various existing conditions of reinforcement and damage that affected the 
hysteretic results and were reflected in the backbone parameters from the database. In 
Chapter 5 each backbone parameter was examined in detail. A process was established to 
obtain reasonable approximations of these parameters for jacketed columns. This process 
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included a statistical analysis to estimate jacketed column deformations because these 
were not determined following a uniform protocol during the experiments. The statistical 
analysis highlighted the variability of backbone parameters including strength and 
deformation. 
9.1.1. Variability of Strength of Jacketed Columns 
The lateral strength of jacketed columns was determined using the column 
geometry, steel details and jacket details. The process assumed a flexural controlled 
behavior of jacketed columns. With this assumption a fiber analysis which includes 
confinement of concrete produced sufficiently accurate estimates of strength. When 
comparing the strength values obtained by calculation and experiment, most values lie 
within a ±10% range (Figure 5-12). The procedure to determine strength was considered 
sufficiently accurate so that variability in the lateral strength predictions was not studied 
further.  
9.1.2. Variability on the Lateral Deformation of Jacketed Columns 
The effect of deformation capacity variability of jacketed columns on frame 
collapse was studied by concentrating on varying Parameter a used to construct backbone 
curves of jacketed columns. Chapter 5 Section 5.2 discusses the deformation parameters 
that are necessary to construct the backbone curve for a jacketed column. The the 
distribution of each deformation parameter found in the database of jacketed columns is 
also presented and discussed. Not many jacketed column tests were conducted to the 
point of loss of axial carrying capacity, as discussed in Chapter 5, so the variability in 
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maximum deformation, and thus Parameter b could not be quantified. The study of effect 
of deformation variability on frame behavior therefore only concentrated on variability of 
Parameter a. This parameter quantifies the deformation capacity from the yield point to 
the deformation corresponding to loss of 20% of peak strength. Table 5-5 lists the values 
of Parameter a  at different exceedance probabilities  
9.2. Analysis Details 
The variability on Parameter a was considered in the analysis of frames retrofitted 
by jacketing using the incremental dynamic analysis procedure studied previously in this 
research. The frame selection in this analysis is discussed in this section including the 
jacketing material employed, the jacketing scheme (jacketed column location along frame 
height), the range Parameter a values used in the analyses, and the earthquake records 
chosen in the analyses.   
9.2.1. Frame Selection 
In this research, reinforced concrete frames of three different numbers of stories 
have been included to investigate the effects of column jacketing in their collapse 
resistance to earthquake ground shaking.  Two-dimensional frames with 2, 4, and 8 
stories have been included. The retrofitted frame performance was discussed in Chapter 8 
as a function of column retrofit location. The majority of collapses of the original frames 
were the result of column mechanisms forming on the lower stories, particularly for the 
2- and 4-story frames The plastic deformation capacity of retrofitted columns is a key 
parameter that influences column behavior, but it was not clear how deeply this property 
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would influence overall frame performance, and whether the collapse probability of 
retrofitted frames would change dramatically with differences in plastic deformation 
capacity of columns.  
Out of these different frames included in this research, only the 4-story frame was 
selected to investigate variability in column plastic deformation capacity. After 
retrofitting, the 4-story frame had a relevant increase in lateral strength while exhibiting 
column failures at different locations throughout the height (failure location changed 
depending on jacketing material and scheme). The retrofitted 2-story frame had a reduced 
probability of collapse at different values of SaT1 (measure of lateral strength)  but the 
failure concentrated mostly on the 1st story as observed in its as-built condition. The 
retrofitted 8-story frame after jacketing did not exhibit a significant change in the SaT1 or 
of deformation capacity. For these reasons, the 4-story frame was selected to investigate 
effect of uncertainty in plastic deformation capacity (Parameter a). Only the case with 
first-story columns retrofitted using FRP jackets was examined since the focus was on 
influence of variability of Parameter a. 
9.2.2. Range of Values for Parameter a 
The range of values to define variability of Parameter a concentrated within the 
range defined between plus/minus one standard deviation (STD) from the mean values 
found from the columns in the database. With all other parameters defining a particular 
backbone remaining unchanged, the generic backbone curve of a jacketed column is as 
shown on Figure 9-1. The solid line in Figure 9-1 shows a backbone curve representing 
the mean response, which was used in Chapter 7 to define the jacketed column load-
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deformation behavior for analysis of the frames.  The error bars drawn from the peak 
force value show the variability in plastic deformation capacity corresponding to ±1 
standard deviation of Parameter a from its mean value. The values in Parameter a within 
this range, according to the jacketed column database, had a minimum value of 0.0203 
and a maximum of 0.0477. Within this range, analyses were conducted for different 
values at 0.001 intervals resulting in 29 analyses including the analysis based on mean 
Parameter a value used in Chapter 7. It should be noted that Parameter a was only varied 
in retrofitted columns, and that columns remaining in their as-built condition were 
modeled using the mean value of Parameter a (those above the first story). 
 
Figure 9-1 Typical backbone curve constructed with mean value of Parameter a. Curve 
shows amin and amax considered in analyses 
9.2.3. Selection of Earthquake Records  
To analyze the frame 2 earthquake records were selected depending on their 
respective spectral shape. It was decided to choose ground motions with high spectral 
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accelerations at the fundamental mode of the 4-story frame, and with a shape that 
approximately followed the design spectra consistent with the selected ground motions 
(Figure 9-2). The design spectra parameters were determined on Chapter 6 following a 
location in California (ܵ஽ௌ = 1.33; ܵ஽ଵ = 1.0) and mean soil characteristics (soil class D) 
from the earthquake database. Figure 9-2 shows the spectral shape of two earthquake 
records, one recorded during the Loma Prieta (1989) Earthquake (Holister - South & Pine 
station), and another recorded during the Northridge (1994) Earthquake (Beverly Hills - 
14145 Mulhol station).  For each earthquake, only the horizontal ground motion 
corresponding to the maximum measured acceleration in one of the two orthogonal 
directions was used. Some characteristics of each earthquake record are shown in Table 
9-1. The incremental dynamic analysis (IDA) procedure described in Chapter 6 was used 
to analyze the 4 story frame  with columns jacketed on the 1st story, having 29 different 
values of Parameter a between 0.0203 and 0.0477 defining their force-deformation 
backbone curve. 
Table 9-1 Earthquake records characteristics 
Earthquake Magnitude 
Max 
Acceleration 
(g) 
Sustained Max 
Acceleration (g) 
Significant 
Duration (s) 
Loma Prieta (1989) 
(Holister - South & 
Pine station) 
6.9 0.37 0.239 9.82 
Northridge (1994) 
(Beverly Hills - 
14145 Mulhol 
station) 
6.7 0.62 0.493 7.59 
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Figure 9-2 Spectral analysis of 2 earthquake records compared to the design 
9.3. Results 
Figure 9-3a presents the IDA results using 29 different values of Parameter a for 
retrofitted columns in the 4-story frame analyzed using the Loma Prieta (1989) 
earthquake record. Similarly, Figure 9-3b shows the results with the earthquake record 
from Northridge (1994). Table 9-2 shows the location of inter-story collapse and the SaT1 
corresponding to collapse. These values were extracted from the IDA curves. From Table 
9-2, it can be noted that after jacketing the frame had failure at different locations for 
different values of Parameter a; furthermore the collapse occurred at different levels of 
SaT1.  
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(a) IDA from Loma Prieta (1989) (b) IDA from Northridge (1994) 
Figure 9-3 IDA plots for two earthquake record comparing different values of paramter a 
The individual values of SaT1 to reach collapse are displayed in Table 9-2 and are 
also plotted against the different values of Parameter a on Figure 9-4 and Figure 9-5 for 
each earthquake record. As observed on Figure 9-4 and Figure 9-5 depending on the 
earthquake record, the collapse was reached at different scales. To quantify the effect of 
Parameter a on collapse behavior of the 4-story frame, the correlation value for SaT1 
against the Parameter a was obtained as shown on figures 9-4 and 9-5. For the Loma 
Prieta (1989) Holister earthquake record the results have a correlation (Corr) value of 
0.05. This implies almost no correlation between the SaT1 value with changes in 
Parameter a. For the Northridge (1994) Beverly Hills earthquake record, on the other 
hand, the correlation value is 0.41 implying a weak-but-positive correlation between the 
parameters. This is also observed as an increase in values of SaT1 as the values of 
Parameter a increases.  
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Table 9-2 Results from IDA 
 
1st Inter-story collapse SaT1 at collapse 
Parameter a Loma Prieta Northridge Loma Prieta Northridge 
0.0203 1 3 0.332 0.417 
0.021 3 1 0.332 0.428 
0.022 3 2 0.332 0.451 
0.023 1 2 0.332 0.451 
0.024 1 2 0.332 0.434 
0.025 1 2 0.370 0.445 
0.026 1 2 0.365 0.456 
0.027 4 3 0.356 0.434 
0.028 2 1 0.356 0.440 
0.029 3 2 0.332 0.434 
0.03 3 2 0.356 0.462 
0.031 2 2 0.332 0.434 
0.032 1 3 0.365 0.456 
0.033 1 2 0.365 0.445 Mean value 
0.034 1 1 0.360 0.440 
0.035 2 1 0.360 0.451 
0.036 3 3 0.379 0.445 
0.037 3 1 0.332 0.440 
0.038 3 1 0.332 0.456 
0.039 3 2 0.356 0.440 
0.04 2 2 0.360 0.445 
0.041 1 3 0.356 0.456 
0.042 1 3 0.332 0.451 
0.043 3 2 0.356 0.451 
0.044 1 2 0.356 0.440 
0.045 1 3 0.356 0.462 
0.046 1 1 0.332 0.473 
0.047 1 1 0.332 0.440 
0.0477 1 2 0.332 0.440 
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Figure 9-4 Comparison between Parameter a and the value of SaT1 for the Loma Prieta 
(1989) earthquake record 
 
Figure 9-5 Comparison between Parameter a and the value of SaT1 for the Northridge 
(1994) earthquake record 
The comparison between the values of Parameter a and the location where an 
interstory mechanism formed that caused frame collapse (1st inter-story collapse location) 
is shown on Figures 9-6 and 9-7. Figure 9-6 displays the comparison when using the 
Loma Prieta (1989) Holister earthquake record. There seems to be no correlation between 
the value of the Parameter a and the location of interstory failure. The same can be 
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observed on Figure 9-7 for the Northridge (1994) earthquake record. The number of 
failures occurring in each story seems to be almost equally distributed among all values 
of Parameter a analyzed in this research.  
 
 
Figure 9-6 Comparison between Parameter a and the 1st inter-story collapse for the Loma 
Prieta (1989) Holister earthquake record 
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Figure 9-7 Comparison between Parameter a and the 1st inter-story collapse for the 
Northridge (1994) Beverly Hills earthquake record 
There is a significant difference between the behaviors for different deformation 
parameters depending on the earthquake record used. This is displayed on the different 
correlation between values of SaT1 and Parameter a. The study by Vamvatsikos and 
Cornell (2002) presented that when structures are damaged at different time steps on one 
earthquake records on different scales it can change the behavior of the frame. On this 
frames this happens when frames have different deformation capacities.  
9.4. Summary and Conclusions 
In this Chapter the variability of the jacketed column plastic deformation capacity, 
represented by Parameter a in a typical backbone curve, was included in incremental 
dynamic analysis of the retrofitted 4-story frame to determine its effect on overall frame 
behavior. The potential for strength variability was not studied since the capacity of the 
frame can be obtained with relative accuracy using the procedure discussed in Chapter 5. 
If existing material properties are unknown and/or if as-built reinforcing details are 
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difficult to determine, then variability in strength should also be studied as a  potential 
source of uncertainty in frame response. For this dissertation, material properties and as-
built conditions were considered known (deterministic properties).  
The frame selected for these analyses was the 4-story frame with FRP-jacketed 
columns on the 1st story. This frame was studied since various stories failed after 
retrofitting as discussed in Chapter 7. Only jacketing using FRP materials was selected 
because of its negligible impact on frames stiffness (and therefore fundamental period). 
The analyses were conducted using the incremental dynamic procedure using two 
earthquake records with spectral shapes that have high spectral accelerations at the 
fundamental period of the 4-story frame.  
Based on the results of the limited analyses summarized in this chapter, it was 
concluded that frame behavior can be affected by variations in deformation capacity. The 
effect on the behavior depends on the Parameter a and the earthquake record. The 
primary effects observed were a change in location of formation of the collapse 
mechanism and/or the value of SaT1 to reach collapse. Values of SaT1 did not increase 
monotonically with increasing values of Parameter a of jacketed columns, presumably 
because the interstory mechanisms that influenced failure were not concentrated in the 
first story. In these cases, the behavior of columns in higher stories influenced collapse of 
the frame more heavily.  The presence of high spectral ordinates at frequency contents in 
an earthquake record that match frequencies of higher modes of the frame can influence 
the values of SaT1 that can be reached.  This chapter showed big changes in the locations 
where the collapse mechanism forms and the value of SaT1 required to create that 
collapse mechanism. Knowing how the variability of plastic deformation affects the 
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behavior of frames is of importance to determine the statistical parameters used to 
estimate the collapse of frames. Further research is required to make more comprehensive 
conclusions on the effect of variability of Parameter a for jacketed columns on frames.  
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CHAPTER 10 
 SUMMARY AND CONCLUSIONS 
 
This research concentrated on the behavior of reinforced concrete (RC) columns 
jacketed with either fiber reinforced polymers (FRP) or steel materials. Column jacketing 
increases RC column ductility, stiffness and strength while largely maintaining the 
original column dimensions. These effects were quantified by several investigators on a 
limited number of jacketed RC columns. The experiments included columns with 
different amounts of steel reinforcement, column geometry and loading protocols. The 
test details were meant to capture three types of RC column deficiencies: low shear 
strength, insufficient confinement of the concrete core and short lap-splices within the 
plastic hinge regions. From these tests results, researchers developed models to estimate 
the jacket contribution to the strength of the RC columns. Several of these models are 
presented in detail on Chapter 3. Based on these models, a procedure was developed to 
model the backbone response of jacketed columns. The lateral capacity of the column 
was determined using the physical models presented in Chapter 3, while the 
deformations, presented as drifts, were determined using a statistical model. 
After quantifying the jacket contribution to column strength the effect of jacketed 
column behavior was examined using non-linear dynamic analyses of prototype frames 
subjected to 37ground motions. The frame analyses included as-built (reference) and 
jacketed column conditions for comparison.  
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10.1. Characterization of Jacketed Column Behavior 
After the study of a database of jacketed columns several conclusions were made. 
By column jacketing the potential for shear failure was eliminated and the expected 
failure mode is now flexure dominated. The flexural capacity can then be estimated using 
a fiber model. The fiber model must include the confinement strength provided by the 
jacket. The lateral capacity of the jacketed column can be estimated using a lumped 
plasticity model. Using this procedure, the jacketed column strength was estimated with a 
±10% error.  
The deformations were estimated using a statistical model.  The deformation 
capacity of circular jacketed columns is significantly different from that of rectangular 
jacketed columns. With this conclusion jacketed column deformation where studied 
separated by column geometry. The different deformation levels studied were yield 
deformation, peak deformation, maximum deformation, parameter a and parameter b. 
Parameter a is used to represent the plastic drift capacity of structural components. A 
Weibull statistical distribution can describe the behavior of the parameter a for jacketed 
columns. 
10.2. Frame Behavior Retrofitted with Jacketed Columns 
Jacketed columns have an improved behavior in both lateral strength and 
displacement ductility. These effects can change the behavior of a frame. Analyses of 
frames in as-built and retrofitted conditions were conducted in order to quantify the 
change in behavior of the frames caused by column jacketing. The analyses and results 
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are presented in Chapters 6, 7 and 8. From this study the following conclusion were 
made: 
- Column jacketing column reduced the probability of collapse of the frames 
studied. At the design spectral acceleration, the reduction was a minimum of 
40% for the 2-story frame, 47% for the 4-story frame and 11% for the 8-story 
frame. 
- As-built frames may experience collapse mechanisms at other inter-stories 
after column jacketing 
- The effectiveness of jacketing columns on the bottom stories is reduced on 
frames with high number of stories.  
- A more extensive retrofit is needle to reduce significantly the probability of 
collapse of the 8-story frame 
- When comparing the FRP jackets vs steel jackets effect on the probability of 
collapse no significant difference was observed as both materials have a 
similar positive effect on the as-built frame.  
- To reach inter-story deformations of 0.4% and 1.0% drift steel jacketed 
frames requires higher values of spectral acceleration than FRP jackets 
frames. 
- As-built and FRP jacketed frames require similar values of spectral 
acceleration to reach inter-story deformations of 0.4% drift and 1.0% drift. 
Jacketed columns drifts varied from test to test. Chapter 5 showed reinforced 
concrete (RC) jacketed columns behavior and the variability associated with the lateral 
deformations. This variability is attributed to many factors including initial column 
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conditions, jacket matrix adhesion and assembly. Chapter 9 studied the variability of the 
jacketed column deformation capacity and how it affects the overall frame behavior. The 
strength variability was not accounted since the capacity of the frame can be obtained 
with relative accuracy using the procedure shown on Chapter 5. Of the deformations 
studied the parameter a was chosen due to the amount information obtained of this 
parameter and the ability to accurately model this parameter. From this study several 
conclusions were made. The frame behavior can be affected by variations on the 
deformation capacity. The effects on the behavior depend on the values of the parameter 
a and the earthquake record. The primary effects observed were a change in values of 
SaT1 to reach collapse and the location of the failure mechanism. Values of SaT1 did not 
increase monotonically with increases of the parameter a. This can be due the presence of 
high spectral ordinates at frequency contents in an earthquake record that match 
frequencies of higher modes of the frame can influence the values of SaT1 that can be 
reached before collapse.  Further research is required to make more comprehensive 
conclusions on the effect of variability of parameter a for jacketed columns on frames.  
10.3. Future work 
While this study has shown the behavior of prototype frames jacketed with FRP 
and steel many opportunities for extending the scope of this study remain. This section 
will present two possible directions of further study. 
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10.3.1. Variability of deformation capacity of jacketed columns on frames 
There is no clear understanding of the effect of different values of parameter a of 
jacketed columns on frames (shown in Chapter 9). The increase in parameter a for a 
discrete number of columns doesn’t correlate with an increase in the capacity of the 
frame under time history loads. Therefore, variable plastic deformation needs to be 
studied not only on the 1st story but in multiple stories under at least 10 earthquake 
records with different characteristics. This will increase the understanding on the effect of 
different frequency contents of an earthquake record for different values of the parameter 
a. The deformation between columns could be determined using a Monte Carlo 
simulation, therefore assign different values of deformation to each column 
independently. With different deformations for each column in the frame the study will 
approach actual behavior in which jacketed RC columns can have different deformation 
capacity.  
10.3.2. Combination of multiple retrofitting schemes 
The probability of collapse of the 8-story frame did not decrease significantly by 
jacketing columns in the bottom two stories. Jacketing more stories would be a start but 
with failures concentrated on the 1st story no significant impact can be expected from this 
approach. Therefore, I suggest a study using concrete jackets on the first story. This will 
increase the columns geometry and therefore stiffness significantly. This combination of 
an increased column section and FRP jackets on other stories was used on the McKinley 
Tower in Alaska, in which a 14-story reinforced concrete high-rise was retrofitted with 
shear walls and increasing the size of the structural elements up to the 5th floor and the 
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rest of the stories with FRP materials. More specifically this study should concentrate on 
the increasing the columns section size on initial stories combined with FRP and/or steel 
jackets on the following stories.  
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11. APPENDIX A 
JACKETED COLUMNS BACKBONE CURVES 
Fiber Reinforced Polymer Jacketed Reinforced Concrete Columns Backbones 
SC1R SC2R 
 
SC2R S1 
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S2 S3 
 
S4 S5 
 
Shear R Confinement R 
 
Lap Splice R C2 
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C3 C4 
 
C5 CFRP-05 
 
KFRP-05 CFRP-15 
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KFRP-15 C1-F1 
 
C1-F2 C1-FP1 
 
C2-F1 C2-F2 
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C2-FP1 C2-FP2 
 
CS-R1 CS-R2 
 
CS-R3 CS-R4 
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RS-R1 R2-R2 
 
RS-R3 
RS-R4 
 
RS-R5 RS-R6 
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CF-R1 CF-R2 
 
CF-R3 CF-R4 
 
CF-R5 CF-R6 
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RF-R1 RF-R2 
 
RF-R3 RF-R4 
 
ASG-2NSS ASG-3NSS 
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ASG-4NSS ASG-5NSS 
 
ASG-6NSS ASGR-7NSS 
 
ASGR8NSS F2 
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L1 L2 
 
ASC-2NS CAF1-5N 
 
C-14FP1 C-14FP2 
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C-16FP1 C-16FP2 
 
C-20-FP1 C-20-FP2 
 
ASC-2NS ASC-3NS 
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ASC-4NS ASC-5NS 
 
ASC-6NS ASCR-7NS 
 
ASCR-8NS 
 
Steel Jacketed Reinforced Concrete Columns Backbones 
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Chai 4 Chai 6 
 
C2R C4R 
 
C6R C8R 
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R2R R4R 
 
R6R RC-5R 
 
RC-4R RC-3R 
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RC-2R SC1 
 
SC2 FC6 
 
FC9 FC10 
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FC11 FC13 
 
SC6 SC7 
 
SC8 SC10 
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12. APPENDIX B 
PROPERTIES OF JACKETED COLUMNS IN DATABSE 
Table 1 – Properties of jacketed columns in database: circular sections 
Specimen Reference Dc (in) Height (in) 
f'c 
(psi) P/Agf'c 
ρ 
(%) 
ρv 
(%) 
Deficient 
property* Vy (kip) 
Vpeak/V
y 
Δy/H 
(%) 
Δp/H 
(%) 
Δmax/H 
(%) 
Par. 
a 
FRP-jacketed circular columns 
CFRP-05 
Breña and 
Schlick (2007) 
9.5 37.5 3467 0.05 2.54 0.333 LS 9.4 1.4 1.9 6.0 9.2 6.1 
KFRP-05 9.5 37.5 3467 0.05 2.54 0.333 LS 9.6 1.4 1.4 6.3 9.5 6.8 
CFRP-15 9.5 37.5 3467 0.15 2.54 0.333 LS 9.1 1.8 1.3 6.0 9.2 7.9 
KFRP-15 9.5 37.5 3467 0.15 2.54 0.333 LS 9.5 1.4 1.1 6.2 10.0 8.8 
CF-R1 
Haroun and 
Elsanadedy 
(2005) 
24.0 135.0 5223 0.06 1.95 0.103 LS 25.4 1.4 0.4 5.3 6.4 6.0 
CF-R2 24.0 135.0 5353 0.06 1.95 0.103 LS 28.3 1.4 0.4 4.4 5.9 5.5 
CF-R3 24.0 135.0 4758 0.07 1.95 0.103 LS 31.2 1.4 0.5 3.8 5.6 5.1 
CF-R4 24.0 135.0 5469 0.06 1.95 0.103 LS 30.7 1.4 0.4 3.9 5.9 5.5 
CF-R5 24.0 135.0 5759 0.06 1.95 0.103 LS 31.1 1.3 0.5 3.9 5.9 5.4 
CF-R6 24.0 135.0 4802 0.07 1.95 0.103 LS 30.3 1.4 0.4 4.8 7.0 6.6 
CS-R1 24.0 96.0 5919 0.05 1.95 0.103 S 80.2 1.4 0.2 3.1 3.6 3.4 
CS-R2 24.0 96.0 5687 0.05 1.95 0.103 S 83.2 1.4 0.2 3.0 3.7 3.5 
CS-R3 24.0 96.0 4961 0.05 1.95 0.103 S 116.1 1.4 0.5 3.8 4.3 3.8 
CS-R4 24.0 96.0 5455 0.06 1.95 0.103 S 112.1 1.4 0.5 2.1 3.1 2.5 
CS-P1 24.0 96.0 5179 0.06 1.95 0.103 S 119.8 1.4 0.3 3.9 4.1 3.7 
Lap Splice R Priestley et al. (1994) 24.0 144.0 4998 0.18 2.53 0.103 LS 42.7 1.4 0.1 2.4 3.8 3.5 
C2-RT4 
Xiao and Ma 
(1997) 
24.0 104.0 6501 0.05 1.94 0.103 LS 53.2 1.3 0.4 1.4 5.1 3.2 
C3-RT5 24.0 104.0 6501 0.05 1.94 0.103 LS 52.7 1.4 0.4 2.5 5.0 3.7 
C4-RP4 24.0 104.0 6501 0.05 1.94 0.103 LS 36.5 1.4 0.6 2.0 5.4 2.7 
CAF1-2N 
Ghosh and 
Sheikh (2007) 
14.0 57.9 3611 0.05 1.71 0.275 LS 17.0 1.3 1.0 1.2 4.9 1.1 
CAF1-5N 14.0 57.9 3640 0.27 1.71 0.275 LS 12.2 1.4 0.8 4.3 12.3 5.1 
CBF1-6N 14.0 57.9 3843 0.05 1.71 1.032 LS 13.6 1.3 1.0 5.5 8.7 6.2 
ST-4NT 14.0 57.9 6497 0.27 1.71 1.032 LS 25.7 1.3 1.8 3.9 9.0 7.2 
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Table 1 (cont.) – Properties of jacketed columns in database: circular sections 
Specimen Reference Dc (in) Height (in) 
f'c 
(psi) P/Agf'c 
ρ 
(%) 
ρv 
(%) 
Deficient 
property* 
Vy 
(kip) 
Vpeak/
Vy 
Δy/H 
(%) 
Δp/H 
(%) 
Δmax/H 
(%) a 
Steel-jacketed circular columns 
2 
Chai et al. 
(1991) 
24.0 144.0 5601 0.16 2.53 0.174 C 38.8 1.4 0.8 2.5 2.5 1.7 
4 24.0 144.0 5521 0.16 2.53 0.174 C 48.0 1.4 0.4 6.0 ** 5.6 
5 24.0 144.0 5095 0.17 2.53 0.174 C 36.8 1.3 0.4 1.1 6.0 2.9 
6 24.0 144.0 5426 0.16 2.53 0.174 C 49.2 1.4 0.5 4.6 6.1 5.4 
1-R 24.0 144.0 5541 0.16 2.53 0.174 C 38.0 1.4 0.9 2.7 5.1 3.9 
SC1 Hwang 
(2005) 
29.9 128.0 3699 0.11 1.32 0.072 C 54.9 1.4 0.4 3.8 5.8 4.5 
SC2 29.9 128.0 3699 0.11 1.15 0.067 C 51.3 1.4 0.3 3.8 5.8 5.5 
C2R 
Priestley et 
al. (1994) 
24.0 96.0 4931 0.06 2.53 0.082 S 115.4 1.4 0.3 4.4 † 4.1 
C4R 24.0 96.0 5101 0.17 2.53 0.082 S 150.4 1.4 0.3 4.1 † 3.8 
C6R 24.0 96.0 5801 0.05 2.53 0.082 S 160.9 1.4 0.4 5.5 † 5.1 
C8R 24.0 72.0 4521 0.06 2.53 0.082 S 193.0 1.4 0.3 5.2 † 4.9 
*S – shear deficient; C – inadequate confinement; LS – short lap splice 
**Test was stopped at peak load. 
†Test stopped at the maximum displacement capacity of the actuator. 
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Table 2 – Properties of jacketed columns in database: rectangular columns 
Specimen Reference bc (in) 
hc 
(in) H (in) 
f'c 
(psi) P/Agf'c 
ρ 
(%) 
ρv 
(%) 
Deficient 
property* Vy (kip) 
Vpeak/
Vy 
Δy/H 
(%) 
Δp/H 
(%) 
Δmax/H 
(%) a 
FRP-jacketed rectangular columns 
S2 
Ozcan et al. 
(2010) 
15.8 7.9 70.8 1450 0.15 2.84 0.448 C 8.6 1.2 0.2 3.0 7.2 4.0 
S3 15.8 7.9 70.8 1523 0.15 2.84 0.448 C 9.4 1.3 0.3 2.0 4.8 2.7 
S4 15.8 7.9 70.8 1305 0.15 2.84 0.448 C 7.7 1.4 0.2 2.4 4.6 2.9 
S5 15.8 7.9 70.8 2249 0.15 2.84 0.448 C 14.1 1.2 0.3 1.0 6.0 2.5 
Confinement R Seible and 
Priestley 
(1997) 
28.7 19.3 144.0 4998 0.14 4.65 0.128 C 107.2 1.4 0.4 2.7 3.3 2.8 
Shear R 24.0 16.0 96.0 4998 0.06 2.52 0.154 S 97.9 1.2 0.1 1.5 2.3 2.1 
C3 
Wu et al. 
(2008) 
7.9 7.9 52.0 6775 0.24 2.00 0.000 C 10.8 1.3 1.0 2.1 7.2 6.2 
C4 7.9 7.9 52.0 6804 0.23 2.00 0.000 C 11.8 1.3 1.1 2.4 8.0 6.9 
C5 7.9 7.9 52.0 5281 0.30 2.00 0.000 C 11.1 1.3 1.0 4.0 7.2 6.2 
C6 7.9 7.9 52.0 5368 0.30 2.00 0.000 C 11.0 1.3 1.0 2.0 7.3 6.3 
ASG-2NSS 
Memon and 
Sheikh 
(2005) 
12.0 12.0 58.0 6165 0.15 2.44 0.316 C 24.6 1.4 0.7 4.6 23.7 2.6 
ASG-3NSS 12.0 12.0 58.0 6195 0.15 2.44 0.316 C 24.9 1.4 0.2 6.0 12.0 3.5 
ASG-4NSS 12.0 12.0 58.0 6282 0.15 2.44 0.316 C 24.2 1.4 0.3 2.4 11.4 2.0 
ASG-5NSS 12.0 12.0 58.0 6340 0.15 2.44 0.316 C 24.4 1.4 0.6 4.3 11.2 2.0 
ASG-6NSS 12.0 12.0 58.0 6412 0.15 2.44 0.316 C 29.8 1.4 0.9 11.8 20.7 5.4 
ASGR-7NSS 12.0 12.0 58.0 6412 0.15 2.44 0.316 C 24.2 1.4 0.5 5.8 14.9 2.6 
ASGR-8NSS 12.0 12.0 58.0 6412 0.15 2.44 0.316 C 25.8 1.4 1.0 4.7 12.2 3.4 
ASC-2NS 
Iacobucci et 
al. (2003) 
12.0 12.0 58.0 5295 0.15 2.44 0.321 C 30.4 1.3 0.3 0.7 2.3 1.3 
ASC-3NS 12.0 12.0 58.0 5353 0.15 2.44 0.321 C 31.8 1.3 0.2 0.6 2.2 2.0 
ASC-4NS 12.0 12.0 58.0 5353 0.15 2.44 0.321 C 26.7 1.3 0.1 0.3 2.2 0.7 
ASC-5NS 12.0 12.0 58.0 5368 0.15 2.44 0.321 C 33.7 1.3 0.4 2.2 4.5 2.3 
ASC-6NS 12.0 12.0 58.0 5368 0.15 2.44 0.321 C 31.0 1.3 0.2 0.8 3.8 1.7 
ASCR-7NS 12.0 12.0 58.0 5368 0.15 2.44 0.321 C 29.3 1.3 0.4 0.7 5.2 2.5 
ASCR-8NS 12.0 12.0 58.0 6136 0.15 2.44 0.321 C 24.5 1.3 0.6 2.0 3.0 2.3 
F2 
Harries et 
al. (2006) 
18.0 18.0 70.1 3597 0.22 1.48 0.180 C 35.0 1.4 1.1 7.7 13.4 6.2 
L1 18.0 18.0 70.1 4162 0.22 1.48 0.180 LS 36.2 1.4 1.0 5.6 11.4 6.0 
L2 18.0 18.0 70.1 4162 0.22 1.48 0.180 LS 36.4 1.4 1.2 5.8 8.6 5.4 
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Table 2 (cont.) – Properties of jacketed columns in database: rectangular columns 
Specimen Reference bc (in) 
hc 
(in) H (in) 
f'c 
(psi) P/Agf'c 
ρ 
(%) 
ρv 
(%) 
Deficient 
property* Vy (kip) 
Vpeak/V
y 
Δy/H 
(%) 
Δp/H 
(%) 
Δmax/H 
(%) a 
RF-R1 
Haroun and 
Elsanadedy 
(2005) 
24.0 24.0 135.0 5135 0.06 2.14 0.103 LS 55.9 1.3 0.7 2.4 2.8 2.1 
RF-R2 24.0 24.0 135.0 6078 0.05 2.14 0.103 LS 56.2 1.3 0.7 1.1 4.5 3.8 
RF-R3 24.0 24.0 135.0 6122 0.05 2.14 0.103 LS 60.3 1.4 0.7 2.0 3.6 2.8 
RF-R4 24.0 24.0 135.0 6122 0.05 2.14 0.103 LS 59.2 1.3 0.8 1.7 3.5 2.7 
RS-R1 24.0 18.0 96.0 5527 0.06 2.04 0.137 S 107.0 1.3 0.2 1.7 4.7 3.5 
RS-R2 24.0 18.0 96.0 5701 0.06 2.04 0.137 S 104.6 1.3 0.3 1.1 4.7 3.5 
RS-R3 24.0 18.0 96.0 6383 0.06 2.04 0.137 S 105.1 1.3 0.2 1.5 4.4 4.1 
RS-R4 24.0 18.0 96.0 6383 0.06 2.04 0.137 S 95.8 1.4 0.1 2.1 4.6 4.5 
RS-R5 24.0 18.0 96.0 6383 0.06 2.04 0.137 S 97.2 1.4 0.2 2.5 4.2 4.0 
RS-R6 24.0 18.0 96.0 6180 0.06 2.04 0.137 S 107.0 1.3 0.2 1.8 4.9 4.7 
C1FP1 
Harajli and 
Rteil (2004) 
11.8 5.9 39.4 3061 0.23 1.72 0.354 LS 10.9 1.4 0.9 3.0 6.0 3.4 
C1FP2 11.8 5.9 39.4 3148 0.22 1.72 0.354 LS 5.5 3.9 0.6 3.0 5.1 3.3 
C1F1 11.8 5.9 39.4 3177 0.22 1.72 0.354 LS 12.5 1.3 0.9 2.0 5.0 2.5 
C1F2 11.8 5.9 39.4 3163 0.22 1.72 0.354 LS 11.2 1.4 1.0 3.0 5.1 3.4 
C2FP1 11.8 5.9 39.4 3061 0.27 3.56 0.354 LS 15.2 1.4 0.8 3.0 5.1 3.0 
C2FP2 11.8 5.9 39.4 3148 0.26 3.56 0.354 LS 15.1 1.4 0.7 3.0 5.1 3.2 
C2F1 11.8 5.9 39.4 3177 0.26 3.56 0.354 LS 15.6 1.4 0.8 3.1 5.0 3.4 
C2F2 11.8 5.9 39.4 3163 0.26 3.56 0.354 LS 15.3 1.4 0.8 3.0 5.1 3.4 
SAF1-10N 
Ghosh and 
Sheikh 
(2007) 
12.0 12.0 57.9 3887 0.33 2.44 0.321 LS 19.9 1.3 0.8 2.5 7.8 3.2 
SBF1-11N 12.0 12.0 57.9 3916 0.05 2.44 1.205 LS 14.3 1.3 0.8 2.3 3.8 2.1 
SBRF1-12N 12.0 12.0 57.9 3945 0.05 2.44 1.205 LS 10.2 1.4 1.9 3.9 8.1 3.5 
ASC-2NS 12.0 12.0 57.9 5294 0.33 2.44 1.205 LS 24.3 1.3 0.8 1.7 7.5 2.8 
C14FP1 
Harajli and 
Dagher 
(2008) 
15.7 7.9 59.1 5656 0.00 1.29 0.735 LS 15.4 1.3 0.6 2.1 6.4 2.8 
C14FP2 15.7 7.9 59.1 5656 0.00 1.29 0.735 LS 16.3 1.3 0.5 3.2 6.4 3.8 
C16FP1 15.7 7.9 59.1 7107 0.00 2.00 0.735 LS 20.0 1.3 0.9 2.1 6.5 2.3 
C16FP2 15.7 7.9 59.1 7107 0.00 2.00 0.735 LS 19.3 1.3 0.9 2.2 6.5 3.8 
C20FP1 15.7 7.9 59.1 4641 0.00 2.13 0.735 LS 22.8 1.3 1.0 2.1 6.5 2.2 
C20FP2 15.7 7.9 59.1 4641 0.00 2.13 0.735 LS 25.5 1.3 1.0 3.2 6.4 2.9 
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Table 2 (cont.) – Properties of jacketed columns in database: rectangular columns 
Specimen Reference bc (in) 
hc 
(in) 
H 
(in) 
f'c 
(psi) P/Agf'c 
ρ 
(%) 
ρv 
(%) 
Deficient 
property* 
Vy 
(kip) 
Vpeak/
Vy 
Δy/H 
(%) 
Δp/H 
(%) 
Δmax/H 
(%) a 
SC2 
Galal et al. 
(2005) 
12.0 12.0 36.0 5658 0.14 6.11 0.904 S 76.6 1.3 0.1 1.8 5.7 5.6 
SC1R 12.0 12.0 36.0 4932 0.16 6.11 0.904 S 72.8 1.2 0.3 1.8 5.8 3.8 
SC2R 12.0 12.0 36.0 4932 0.16 6.11 0.904 S 76.4 1.3 0.3 1.8 4.2 2.4 
SC1U 12.0 12.0 36.0 6238 0.12 6.11 0.904 S 45.4 2.2 0.1 0.9 5.6 3.2 
SC3 12.0 12.0 36.0 5658 0.14 6.11 0.904 S 78.4 1.3 0.2 1.8 5.7 4.0 
SC3R 12.0 12.0 36.0 4932 0.16 6.11 0.904 S 54.6 1.3 0.3 0.6 3.6 1.3 
Steel-jacketed rectangular columns 
C-66-R Alcocer 
and Durán 
(2002) 
19.7 19.7 78.7 4047 0.15 2.44 0.142 C 42.0 1.4 1.0 2.5 ** 1.5 
C-66-S 19.7 19.7 78.7 4047 0.15 2.44 0.142 C 64.7 1.4 1.0 2.7 ** 1.7 
RC-2R 
Xiao and 
Wu (2003) 
10.0 10.0 40.0 8269 0.30 2.48 0.220 C 45.8 1.4 0.4 2.1 6.0 3.1 
RC-3R 10.0 10.0 40.0 8269 0.30 2.48 0.220 C 51.4 1.4 0.5 3.0 8.0 7.5 
RC-4R 10.0 10.0 40.0 8269 0.30 2.48 0.220 C 50.9 1.4 0.4 3.1 8.0 6.8 
RC-5R 10.0 10.0 40.0 8704 0.30 2.48 0.220 C 52.7 1.4 0.4 3.1 8.5 8.1 
FC9 
Aboutaha 
et al. 
(1996) 
18.0 36.0 144.0 2906 0.00 1.95 0.095 LS 38.4 1.4 0.5 2.7 4.9 3.2 
FC11 18.0 36.0 144.0 2851 0.00 1.95 0.095 LS 45.4 1.4 0.8 2.4 5.5 2.5 
FC12 18.0 36.0 144.0 3266 0.00 1.95 0.095 LS 43.1 1.4 0.6 2.7 5.5 3.7 
FC17 18.0 18.0 144.0 2636 0.00 1.95 0.076 LS 45.6 1.4 0.2 2.4 5.4 5.2 
FC6 
Aboutaha 
et al.  
(1999b) 
18.0 36.0 144.0 2851 0.00 1.95 0.095 LS 34.9 1.4 1.0 2.5 4.6 2.2 
FC7 18.0 36.0 144.0 2981 0.00 1.95 0.153 LS 52.0 1.4 1.5 3.9 ** 2.4 
FC10 18.0 36.0 144.0 2596 0.00 1.95 0.095 LS 37.2 1.4 0.8 2.4 3.4 2.6 
FC13 18.0 36.0 144.0 3266 0.00 1.95 0.095 LS 50.0 1.4 0.4 3.6 5.0 4.6 
SC6 
Aboutaha 
et al.  
(1999a) 
18.0 36.0 48.0 2256 0.00 1.95 0.095 S 111.1 1.4 1.0 3.3 5.1 3.2 
SC7 18.0 36.0 48.0 2941 0.00 1.95 0.095 S 101.2 1.4 0.5 4.2 6.3 5.8 
SC8 18.0 36.0 48.0 2786 0.00 1.95 0.095 S 109.7 1.4 0.7 3.9 7.0 5.8 
SC10 36.0 18.0 48.0 2391 0.00 1.95 0.191 S 205.2 1.4 0.6 4.0 5.3 4.7 
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Table 2 (cont.) – Properties of jacketed columns in database: rectangular columns 
R2R 
Priestley et 
al. (1994) 
16.0 24.0 96.0 5601 0.05 2.52 0.163 S 104.4 1.4 0.3 3.6 † 3.3 
R4R 16.0 24.0 96.0 5201 0.06 2.52 0.082 S 154.7 1.4 0.3 3.8 † 3.5 
R6R 16.0 24.0 72.0 4801 0.06 2.52 0.082 S 205.6 1.4 0.4 3.7 † 3.3 
*S – shear deficient; C – inadequate confinement; LS – short lap splice 
**Test stopped when capacity of actuator was reached. 
†Test stopped at the maximum displacement capacity of the actuator. 
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Table 3 – Shear capacity compared with experimental peak strength of jacketed columns in database: circular sections 
Specimen Reference Vc (KN)* Vs (KN) Vp (KN) Vn (KN)  Vexp /Vn Vj (KN) Vn+Vj (KN)** Vexp /(Vn+Vj) 
FRP-jacketed circular columns 
CFRP-05 
Breña and Schlick 
(2007) 
31.3 68.9 2.7 103.0 0.58 57.0 152.8 0.39 
KFRP-05 16.4 68.9 2.7 88.1 0.70 50.8 137.9 0.44 
CFRP-15 16.2 68.9 8.2 93.3 0.78 57.0 143.1 0.51 
KFRP-15 14.4 68.9 8.2 91.5 0.66 50.8 141.3 0.43 
CF-R1 
Haroun and 
Elsanadedy (2005) 
70.1 124.3 27.0 221.3 0.72 620.9 842.2 0.19 
CF-R2 70.9 124.3 27.0 222.1 0.80 617.1 839.3 0.21 
CF-R3 66.9 124.3 27.0 218.1 0.86 1594.2 1342.4 0.14 
CF-R4 71.7 124.3 27.0 222.9 0.84 1472.0 1437.2 0.13 
CF-R5 73.6 124.3 27.0 224.8 0.83 1771.1 1474.1 0.13 
CF-R6 67.2 124.3 27.0 218.4 0.86 2003.3 1348.4 0.14 
CS-R1 74.6 124.3 76.0 274.7 1.85 620.9 895.6 0.57 
CS-R2 73.1 124.3 76.0 273.3 1.93 617.1 890.4 0.59 
CS-R3 68.3 124.3 76.0 268.4 2.75 730.0 998.5 0.74 
CS-R4 126.4 124.3 76.0 326.5 2.18 477.2 803.8 0.89 
CS-P1 69.8 124.3 76.0 269.9 2.82 914.7 1184.6 0.64 
Lap Splice R Seible and Priestley (1994) 
68.6 136.7 69.9 275.2 0.98 2424.5 1420.0 0.19 
C2-RT4 
Xiao and Ma 
(1997) 
172.6 221.9 40.0 434.3 0.69 587.5 1021.8 0.29 
C3-RT5 121.5 221.9 40.0 383.3 0.87 587.5 970.8 0.34 
C4-RP4 268.0 221.9 40.0 529.7 0.44 587.5 1117.2 0.21 
CAF1-2N 
Ghosh and Sheikh 
(2007) 
115.2 239.3 6.7 361.2 0.26 587.5 948.7 0.10 
CAF1-5N 34.8 239.3 36.4 310.4 0.25 85.0 395.4 0.20 
CBF1-6N 34.3 897.5 7.1 938.8 0.08 85.0 382.7 0.20 
ST-4NT 144.3 897.5 64.9 1106.6 0.13 85.0 653.0 0.22 
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Table 3 (cont.) – Shear capacity compared with experimental peak strength of jacketed columns in database: circular sections 
Specimen Reference Vc (KN)* Vs (KN) Vp (KN) Vn (KN)  Vexp /Vn Vj (KN) Vn+Vj (KN)** Vexp /(Vn+Vj) 
Steel-jacketed circular columns 
2 
Chai et al. (1991) 
284.6 157.7 69.7 512.0 0.48 2335.6 1702.9 0.14 
4 72.0 157.7 69.7 299.4 1.02 2613.6 1480.6 0.21 
5 300.0 157.7 69.7 527.4 0.39 3002.9 1655.9 0.12 
6 71.4 157.7 69.7 298.8 1.05 3002.9 1468.4 0.21 
1-R 280.2 157.7 69.7 507.6 0.48 2502.4 1691.2 0.14 
SC1 
Hwang (2005) 
91.6 617.9 71.4 780.9 0.45 1634.2 1938.5 0.18 
SC2 91.6 573.8 71.4 736.8 0.44 1634.2 1938.5 0.17 
C2R 
Priestley et al. 
(1994) 
68.1 319.1 69.5 456.7 1.61 2808.3 1402.9 0.52 
C4R 69.2 288.4 209.0 566.7 1.69 2802.7 1565.2 0.61 
C6R 73.8 288.4 69.5 431.8 2.37 1538.5 1515.8 0.67 
C8R 65.2 288.4 92.7 446.3 2.75 1538.5 1369.4 0.90 
 
*The shear capacity of the concrete core was calculated using the ductility during testing 
**The contribution of the jacket was limited using the procedure described on Chapter 3 
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Table 4 – Shear capacity compared with experimental peak strength of jacketed columns in database: rectangular columns 
Specimen Reference Vc (KN) Vs (KN) Vp (KN) Vn (KN)  Vexp /Vn Vj (KN) Vn+Vj (KN)** Vexp /(Vn+Vj) 
FRP-jacketed rectangular columns 
S2 
Ozcan et al. 
(2010) 
10.1 97.0 8.8 116.0 0.41 121.5 109.3 0.43 
S3 11.5 97.0 9.3 117.8 0.44 121.5 113.3 0.46 
S4 9.6 97.0 8.0 114.6 0.43 121.5 103.3 0.48 
S5 49.0 97.0 13.7 159.7 0.49 121.5 175.2 0.45 
C3 
Wu et al. (2008) 
62.1 0.0 13.9 76.0 0.84 60.7 136.7 0.47 
C4 61.2 0.0 13.9 75.1 0.90 121.5 196.5 0.34 
C5 19.3 0.0 13.9 33.2 1.96 121.5 144.4 0.45 
C6 56.5 0.0 13.9 70.4 0.90 121.5 182.4 0.35 
ASG-2NSS 
Memon and 
Sheikh (2005) 
33.2 176.1 26.2 235.5 0.66 120.4 351.5 0.44 
ASG-3NSS 24.3 176.1 26.3 226.7 0.70 240.9 343.5 0.46 
ASG-4NSS 24.5 176.1 26.7 227.2 0.68 120.4 346.1 0.44 
ASG-5NSS 29.1 176.1 26.9 232.1 0.67 60.2 292.3 0.53 
ASG-6NSS 24.7 176.1 27.3 228.0 0.83 361.3 349.9 0.54 
ASGR-7NSS 24.7 176.1 27.3 228.0 0.67 120.4 348.5 0.44 
ASGR-8NSS 44.0 176.1 27.3 247.3 0.66 361.3 369.2 0.44 
ASC-2NS 
Iacobucci et al. 
(2003) 
40.0 178.9 22.5 241.4 0.70 186.3 333.2 0.51 
ASC-3NS 40.2 178.9 22.7 241.8 0.73 372.6 335.2 0.53 
ASC-4NS 40.2 178.9 22.7 241.8 0.61 186.3 335.2 0.44 
ASC-5NS 40.3 178.9 22.8 242.0 0.77 558.9 335.7 0.56 
ASC-6NS 40.3 178.9 22.8 242.0 0.71 372.6 335.7 0.51 
ASCR-7NS 40.3 178.9 22.8 242.0 0.67 186.3 335.7 0.49 
ASCR-8NS 43.1 178.9 26.1 248.0 0.55 558.9 360.6 0.38 
F2 
Harries et al. 
(2006) 
49.0 231.4 66.2 346.6 0.64 556.9 673.1 0.33 
L1 71.3 281.0 76.6 429.0 0.54 556.9 748.0 0.31 
L2 78.2 281.0 76.6 435.9 0.53 556.9 754.9 0.31 
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Table 4 (cont.) – Shear capacity compared with experimental peak strength of jacketed columns in database: rectangular columns 
Specimen Reference Vc (KN) Vs (KN) Vp (KN) Vn (KN)  Vexp /Vn Vj (KN) Vn+Vj (KN)** Vexp /(Vn+Vj) 
RF-R1 
Haroun and 
Elsanadedy 
(2005) 
285.5 124.3 34.8 444.5 0.70 4517.1 1617.3 0.19 
RF-R2 558.1 124.3 34.8 717.2 0.44 4489.8 2004.0 0.16 
RF-R3 401.8 124.3 34.8 560.9 0.68 2756.1 1852.8 0.21 
RF-R4 516.4 124.3 34.8 675.5 0.49 4077.3 1967.4 0.17 
RS-R1 68.8 124.3 100.7 135.3 0.51 71.5 135.4 0.51 
RS-R2 118.1 124.3 100.7 126.3 0.76 71.5 127.7 0.75 
RS-R3 93.4 124.3 100.7 156.5 0.44 71.5 158.3 0.44 
RS-R4 74.0 124.3 100.7 141.9 0.50 71.5 143.5 0.50 
RS-R5 74.0 124.3 100.7 136.4 0.71 71.5 134.8 0.72 
RS-R6 72.8 124.3 100.7 131.7 0.73 71.5 131.3 0.73 
C1FP1 
Harajli and Rteil 
(2004) 
23.9 89.2 22.2 132.1 0.75 71.5 132.1 0.75 
C1FP2 14.9 89.2 22.2 134.8 0.72 71.5 134.6 0.72 
C1F1 45.1 89.2 22.2 444.5 0.70 4517.1 1617.3 0.19 
C1F2 30.5 89.2 22.2 717.2 0.44 4489.8 2004.0 0.16 
C2FP1 21.2 89.2 26.0 560.9 0.68 2756.1 1852.8 0.21 
C2FP2 16.6 89.2 26.0 675.5 0.49 4077.3 1967.4 0.17 
C2F1 16.9 89.2 26.0 135.3 0.51 71.5 135.4 0.51 
C2F2 19.6 89.2 26.0 126.3 0.76 71.5 127.7 0.75 
SAF1-10N 
Ghosh and Sheikh 
(2007) 
71.0 208.3 37.9 325.5 0.00 92.7 367.6 0.00 
SBF1-11N 84.4 781.0 5.8 317.2 0.35 92.7 359.7 0.31 
SBRF1-12N 111.8 781.0 5.8 871.2 0.09 92.7 341.9 0.23 
ASC-2NS 128.5 781.0 51.6 898.6 0.07 92.7 370.3 0.17 
C14FP1 
Harajli and 
Dagher (2008) 
47.2 411.3 0.0 961.1 0.14 92.7 472.8 0.29 
C14FP2 29.8 411.3 0.0 458.4 0.19 95.7 295.7 0.29 
C16FP1 115.1 377.2 0.0 441.1 0.21 191.4 278.3 0.33 
C16FP2 112.9 377.2 0.0 492.3 0.23 95.7 354.3 0.31 
C20FP1 103.3 409.0 0.0 490.1 0.22 191.4 352.1 0.30 
C20FP2 66.9 409.0 0.0 512.3 0.25 95.7 320.2 0.40 
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Table 4 (cont.) – Shear capacity compared with experimental peak strength of jacketed columns in database: rectangular columns 
Specimen Reference Vc (KN) Vs (KN) Vp (KN) Vn (KN)  Vexp /Vn Vj (KN) Vn+Vj (KN)** Vexp /(Vn+Vj) 
SC2 
Galal et al. 
(2005) 
23.2 445.0 78.1 546.4 0.78 283.9 438.5 0.97 
SC1R 26.6 445.0 78.1 549.8 0.74 598.9 419.5 0.96 
SC2R 26.6 445.0 78.1 549.7 0.78 991.1 419.5 1.02 
SC1U 24.4 445.0 78.1 547.5 0.80 283.9 456.5 0.96 
SC3 23.2 445.0 78.1 546.4 0.80 283.9 438.5 1.00 
SC3R 93.2 445.0 78.1 616.3 0.49 367.0 486.0 0.62 
Steel-jacketed rectangular columns 
C-66-R Alcocer and 
Durán (2002) 
159.3 436.1 121.5 716.9 0.37 1526.9 1035.0 0.26 
C-66-S 139.5 436.1 121.5 697.1 0.59 643.4 1015.2 0.40 
RC-2R 
Xiao and Wu 
(2003) 
25.1 770.9 122.6 918.6 0.32 634.0 398.2 0.73 
RC-3R 23.6 770.9 122.6 917.1 0.36 529.2 396.7 0.82 
RC-4R 19.5 770.9 122.6 913.0 0.35 592.1 392.5 0.82 
RC-5R 20.0 770.9 127.5 918.4 0.36 792.1 404.5 0.83 
FC9 
Aboutaha et al. 
(1996) 
563.8 504.3 0.0 446.1 0.55 1601.8 1198.9 0.20 
FC11 359.6 315.2 0.0 632.8 0.46 1601.8 1375.5 0.21 
FC12 349.8 504.3 0.0 468.8 0.58 1601.8 1285.8 0.21 
FC17 410.3 504.3 0.0 161.7 1.79 1601.8 519.4 0.56 
FC6 
Aboutaha et al.  
(1999b) 
130.9 315.2 0.0 674.8 0.33 1601.8 1417.4 0.16 
FC7 294.1 315.2 0.0 854.1 0.39 1601.8 1431.5 0.23 
FC10 317.6 315.2 0.0 609.3 0.39 1601.8 1303.5 0.18 
FC13 153.6 315.2 0.0 394.6 0.81 1601.8 1211.6 0.26 
SC6 
Aboutaha et al.  
(1999a) 
221.7 315.2 0.0 536.9 1.31 1601.8 1162.7 0.61 
SC7 75.3 315.2 0.0 390.5 1.65 1601.8 1149.7 0.56 
SC8 120.1 315.2 0.0 435.3 1.60 1601.8 1165.8 0.60 
SC10 99.2 661.2 0.0 760.4 1.71 3043.4 1067.9 1.22 
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Table 4 (cont.) – Shear capacity compared with experimental peak strength of jacketed columns in database: rectangular columns 
R2R 
Priestley et 
al. (1994) 
61.6 205.1 17.4 284.1 2.33 1387.5 949.6 0.70 
R4R 59.3 185.4 17.4 262.1 3.75 1387.5 915.7 1.07 
R6R† 57.0 185.4 23.1 265.6 4.92 1387.5 886.2 1.47 
*The shear capacity of the concrete core was calculated using the ductility during testing 
**The contribution of the jacket was limited using the procedure described on Chapter 3 
†Unique case in which the shear capacity is lower than the maximum tested capacity 
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13. APPENDIX C 
CALIBRATION JACKETED COLUMNS HYSTERETIC CURVES 
FRP jacketed columns calibration: 
CFRP-15 Breña and Schlick (2007) 
 
 
RS-R3 Haroun and Elsanadedy (2005) 
 
 
 
CF-R3 Haroun and Elsanadedy (2005) 
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SC2 Galal et al. (2005) 
 
 
ASC-6NS Iacobucci (2003) 
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Steel jacketed columns calibration: 
Column 4 Chai et al. (1991) 
 
 
 
C2R Priestly et al. (1994) 
 
SC8 Aboutaha et al. (1999a) 
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R2R Priestly et al. (1994) 
 
RC-3R Xiao and Wu (2003) 
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